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Abstract 
 
The aim of the thesis was to test the isotope systematics of Cu, Zn and Pb in 
atmospheric particulate matter and potential source material in order to critically 
discuss its implications and applications to studies of global biogeochemical cycles 
and anthropogenic impact. 
Four specific objectives were addressed: First, we tailored existing analytical 
methods to enable for the first time accurate and precise Cu and Zn isotope ratio 
measurements in dust and aerosol samples with low element content. Second, we 
studied the Pb, Cu and Zn isotope composition in aerosols collected in London to test 
their potential to trace anthropogenic sources in the urban atmosphere. Third, we 
characterized the Cu and Zn isotope systematics of major Asian and African dust 
sources and constrained possible controls and implications on the marine isotope 
signature. Finally, we investigated the isotope fractionation of Zn during dissolution 
experiments with acidic solution of natural dust to test the possible effect of 
atmospheric processing on the isotope signature of deposited Zn.  
The conclusions from this work are: First, stable isotopes confirm that brake and 
tyre emissions are the likely dominant sources of Zn and Cu in urban aerosols and that 
recycled Pb deposited originally from leaded gasoline still contributes significantly to 
the burden of atmospheric Pb in London. Second, we show that the Cu and Zn isotope 
signatures vary significantly between the major Asian and African dust sources and 
we find a significant correlation between Cu isotope ratio and illite content. Mass 
balance calculation suggest that bulk samples record faithfully the isotope signature of 
the <4 μm fraction. Third, significant isotope fractionation of Zn is observed during 
dust dissolution suggesting that the isotope signature of Zn deposited in the surface 
ocean is not only controlled by source mixing but also by atmospheric processing 
during long range transportation.  
The work clearly supports the initial hypothesis that metal isotopes are powerful 
sources to study global and regional biogeochemical cycles. 
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The potential of using stable isotope abundance to study trace metal cycling in the 
atmosphere has been successfully demonstrated for lead (Pb), strontium (Sr), and 
neodymium (Nd) [Grousset and Biscaye, 2005]. Isotope ratio measurements of Pb in 
airborne particulate matter has not only enabled us to distinguish various 
anthropogenic sources (which has led to historic environmental policies like the 
introduction of unleaded gasoline) but it is also developed successfully as proxy to 
identify changes in past atmospheric circulation patterns after deposition in 
sedimentary archives [Ferrat et al., 2012; Komarek et al., 2008; Kylander et al., 2010; 
Reuer and Weiss, 2002]. In the case of radiogenic isotopes, the unique relative isotope 
signatures are produced by the radioactive decay of parent nuclides, depending on the 
initial parent-to-product elemental ratios and time. However, many elements of 
interest to biogeochemical and environmental studies such as Cu, Fe and Zn have no 
stable isotope that undergoes such a radiogenic in-growth from a radioactive parent 
nuclide. Yet, differences in the relative abundances of stable isotopes due to 
mass-dependent and independent fractionation have the unique potential to elucidate 
sources and fate of these trace elements in the biosphere [Weiss et al., 2008]. The 
range in stable isotope variations of an element is more or less negatively correlated 
with its atomic mass. As a consequence, until very recently, accurate detection of 
significant stable isotopic variations for elements with masses > 40 amu was nearly 
impossible [Hoefs, 2004]. However, since the development of inductively coupled 
plasma mass spectrometers with multiple collector arrays (MC-ICP-MS) and the 
improvement of thermal ionisation mass spectrometers (TIMS) in the mid-1990’s, 
various groups have identified isotopic variability and fractionation for elements up to 
U, supporting theoretical predictions [Johnson et al., 2004]. 
The aim of this PhD thesis was to constrain the isotopic composition of Pb, Cu 
and Zn in atmospheric particulate matter and in its potential sources (natural and 
anthropogenic) in different, contrasting environmental settings to develop stable 
isotope systems as tools for the study of global and local biogeochemical cycles of 
these key trace elements. The following objectives were defined: 
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(1) To establish analytical methods for accurate and precise Cu and Zn isotope ratio 
measurements in low volume and low mass soil dust and aerosol samples, and to 
conduct a preliminary study to assess the potential of stable isotope variations to 
trace sources in aerosols using a well constrained source-sink setting in the north 
eastern Atlantic Ocean;  
(2) To test the potential of Cu and Zn isotopes to identify sources in the urban 
atmospheric environment. This is achieved by characterising temporal and spatial 
isotopic variability of these contaminant elements in airborne particulate mater 
collected at two different roads in central London and in the potential sources 
including road (road furniture, road dust, manhole cover and road paint) and 
non-combustion traffic sources (tear off from tyres and brakes); 
(3) To characterise the Zn and Cu isotope ratios of major dust source areas in China 
and India, test the possible relationship between mineral content and isotope ratio, 
and to assess the effect of particle size on isotope ratio variation. This enables us 
to test if Cu and Zn of known dust source areas to the north eastern Pacific Ocean 
can account for the observed isotope ratios in surface waters or if other processes 
(source mixing, atmospheric processing) are important; 
(4) To test possible isotope fractionation of Zn during atmospheric transport of 
particulate matter by conducting leaching experiments of soil dust in hydrochloric 
acid, nitric acid, and water under controlled laboratory conditions. 
 
A brief description of each chapter is given below:  
Chapter 2 consists of a literature review of the relevant topics addressed in this 
thesis. This includes mass spectrometry techniques for accurate and precise Cu, Zn, 
and Pb isotope ratio measurements and the general overview of Cu and Zn 
geochemical cycles. The role and importance of Cu and Zn themselves in the studied 
environments (i.e., as contaminants in the urban environment and as nutrients in the 
land-ocean system) is reviewed in the individual chapters 
Chapter 3 describes the development of an ion exchange method to separate Cu 
and Zn from matrix elements and subsequent accurate and precise determination of 
Chapter 1 
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isotope ratios, tailored to low volume and low concentration soil dust and aerosol 
samples. This work builds upon previous analytical work on dust samples conducted 
at the MAGIC laboratories (Gioia et al., 2008). The analytical method was used for a 
pilot study testing if the achieved analytical merits enable source tracing in 
atmospheric particulate matter. This was achieved comparing Zn and Cu isotopes in 
aerosols collected over the north eastern Atlantic Ocean with the signatures of Sahel 
soil dust samples collected in Mali. We found significant isotopic variation, which 
suggests anthropogenic contributions, in line with known emission patterns over north 
eastern Africa (Morocco, Algeria) and back trajectory modeling or possible effects of 
significant atmospheric processing (see Chapter 6).  
Chapter 4 assesses the isotopic variability of Cu, Zn, and Pb in particulate matter 
size fractions below 10 µm (PM10), collected at two road sites with different traffic 
intensities in central London (North Kensington and Marylebone Road). This work 
builds upon previous work conducted on aerosols in the cities of Metz and Sao Paolo 
[Cloquet et al., 2006; Gioia et al., 2008] and the characterisation of anthropogenic Zn 
and Cu [John et al., 2007a; Thapalia et al., 2010]. The isotopic variability of the 
potential sources including non-combustion traffic emissions (tyres and brakes), road 
furniture wear off (road paint, road surface, post, manhole cover), and road dust was 
also characterised. The isotope data support the hypothesis that brake and tyre are 
major sources of Zn and Cu in urban aerosols, in line with previous source 
assessments based on multi element analysis. The isotope ratios, however, can not 
fully resolve between non-combustion vehicle emissions and road furniture, 
suggesting that manufacture processes (e.g. electroplating and galvanisation) or 
addition of ore Zn and Cu do not leave different isotopic signatures in the 
anthropogenic source materials.  
Chapter 5 characterises the Cu and Zn isotopic signatures of major dust source 
areas in China (Taklimakan, Badain Juran, Tengger and Gobi Desert and Chinese 
Loess Plateau) and India (Thar Desert) transported to the Pacific and Indian Ocean in 
bulk and five different size fractions. The mineralogy of the samples was constrained 
and possible controls on the isotope signature were assessed. Using the Zn isotopic 
Chapter 1 
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signature of the Chinese dust, the controls of isotope fractionation in the 
ocean-atmosphere system of the north eastern Pacific Ocean surface water were 
re-evaluated [Bermin et al., 2006; Vance et al., 2008] 
Chapter 6 finally studies the dissolution of dust and the isotopic fractionation of 
Zn in low pH solutions (pH=2 and pH=5) to simulate and test the effect of 
atmospheric processing on the isotopic signature of Zn deposited in the open ocean 
via atmospheric transport. Soil dust from Mali as dust source and hydrochloric acid, 
nitric acid, and water as aqueous solutions were used. We found significant isotopic 
fractionation during the course of the experimental leaching time (144 hours to 
simulate the residence time of dust in the atmosphere before the deposition in the 
ocean). The extent and direction of the observed fractionation can explain observed 
off-set between aerosols and dust source as described in Chapter 3. These results 
suggest that caution must be used when interpreting isotopic signatures of aerosols 
collected in the open ocean. 
The appendix lists (i) the publications associated with the research conducted 
during my PhD, including co-authored papers and (ii) the abstracts of conference 
posters and oral presentations during the period of this PhD study. 
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2.1 The development of MC-ICP-MS 
Since the importance of isotope ratios as tool to study the biogeochemistry of trace 
elements has been discovered, researchers have been developing mass spectrometric 
techniques to determine accurately and precisely isotope ratios [Yang, 2009]. Thermal 
ionization mass spectrometry (TIMS) has been the technique of choice for metal 
isotopes [Balcaen et al., 2010] for a long time despite the disadvantages of extensive 
sample preparation requirement, limited ionization efficiency for elements with 
ionization energy above 7.5 eV, and long measurement time [Balcaen et al., 2010; 
Yang, 2009]. The development of inductively coupled plasma mass spectrometry 
techniques coupled with multiple isotope collection in the 1990s (MC-ICP-MS) has 
brought a new dimension to metal isotope ratio analysis. The MC-ICP-MS overcame 
the limitations of quadrupole ICP-MS with a magnetic mass filter, which creates flat 
top peaks and simultaneously measuring the intensity of several ion beams, which 
overcomes the instability of intensity that affect the precision of isotope ratio 
measurement [Albarède et al., 2004; Balcaen et al., 2010]. The MC-ICP-MS 
technique provided accurate and precise determination of isotope ratios with precision 
up to 0.001%, which made it comparable to TIMS technique [Albarède et al., 2004].  
Since the first reported use of MC-ICP-MS for lead (Pb), neodymium (Nd), and 
hafnium (Hf) isotope ratio measurement [Walder et al., 1993], the isotope ratio of 46 
elements have been reported by using MC-ICP-MS technique [Yang, 2009]. The first 
publication of copper (Cu) and zinc (Zn) isotope ratios measured by MC-ICP-MS was 
on natural samples of silicates, ores, and biological material in 1999 [Marechal et al., 
1999].  
Throughout this PhD research, all isotope ratios of Cu, Zn, and Pb were measured 
with a Nu Plasma MC-ICP-MS instrument (shown in Figure 2.1) equipped with a Nu 
DSN-100 Desolvation Nebulizer System.  
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Figure 2.1 Schematic diagram of the Nu Plasma MC-ICP-MS instrument (from Rehkamper et al., 
2001). First, an ion beam is generated in the ion source. Then, the ion beam is accelerated in the 
vacuum system of the mass spectrometer at high voltage and focused by a series of electrostatic 
lenses. A magnet separates the isotopes of the target element by virtue of their different masses. 
Finally, an array of detectors collects the separated ion beams. The voltage ratios of the masses 
reflect the element isotope ratios 
 
2.2 Stable copper, zinc, and lead isotope ratio analysis  
2.2.1 Stable Cu, Zn, and Pb isotopes 
Copper has two stable isotopes, 63Cu and 65Cu with average atomic abundances of 
69.17 % and 30.83 %, respectively. Zinc is composed of the five stable isotopes, 64Zn, 
66Zn, 67Zn, 68Zn, and 70Zn, with average atomic abundances of 48.63%, 27.90%, 4.10 
%, 18.75 %, and 0.62 % respectively. Lead has four stable isotopes, which are 204Pb, 
206Pb, 207Pb and 208Pb, with average atomic abundances of 1.4 %, 24.1 %, 22.1 %, and 
54.4 % respectively. Lead-204 is entirely a primordial nuclide and 206Pb, 207Pb and 
208Pb are formed from decay of 238U, 235U, and 232Th, respectively.  
Apart from the natural processes leading to significant isotope variations of Cu 
and Zn in the environment, anthropogenic processes (e.g. smelting) also influence the 
Cu and Zn isotope signatures [Albarède, 2004]. The abundance of Pb isotopes mainly 
depends on the concentrations of primordial Pb, U and Th and the lengths of the 
decay processes in the samples [Dickin, 1995]. 
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2.2.2 Reporting Cu, Zn, and Pb isotope ratios 
This thesis reports Cu and Zn isotope ratios using the δ-notation. The Cu isotope 
compositions are reported relative to the standard NIST-SRM 976: 
 
  
δ65CuNIST976 =
65Cu/63Cu
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ sample
65Cu/63Cu
⎛ 
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⎥ 
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⎨ 
⎪ ⎪ 
⎩ 
⎪ 
⎪ 
⎫ 
⎬ 
⎪ ⎪ 
⎭ 
⎪ 
⎪ 
×1000
     (1) 
 
The Zn isotope compositions are reported relative to the standard Lyon JMC Zn as 
δ66ZnLyon: 
 
 
δ66ZnLyon =
66 Zn/64Zn
⎛ 
⎝ ⎜ 
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⎛ 
⎝ ⎜ 
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⎥ 
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⎨ 
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⎩ 
⎪ 
⎪ 
⎫ 
⎬ 
⎪ ⎪ 
⎭ 
⎪ 
⎪ 
×1000  (2) 
 
The isotopic composition of Pb in environmental geochemistry is commonly 
expressed using the ratios of 206Pb/207Pb and 208Pb/206Pb because these isotopes are the 
most abundant and can be determined more precisely than ratios involving the low 
abundance 204Pb isotope. However, the 206Pb/204Pb and 208Pb/204Pb ratio often yield 
the largest variability between samples due to the fact that the 238U half-life is 
comparable with the age of the Earth and the 232Th half-life is comparable with the 
age of the universe, whereas that for 235U is much shorter, so that almost all 
primordial 235U in the Earth has now decayed to 207Pb [Dickin, 1995]. The abundance 
of 207Pb has changed very little with time compared to 206Pb and 208Pb. This thesis will 
report the Pb isotope ratios in 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb space for better 
distinguishing between reservoirs. 
 
2.2.3 Correction for instrumental mass bias during isotope ratio measurements 
Mass fractionation is introduced during mass spectrometry measurements and this is 
an important issue affecting accurate and precise isotope ratio measurements. Over 
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the years different methods have been proposed for the correction of instrumental 
mass bias as discussed in detail by Albarède et al. (2004). Here I introduce the mass 
bias correction method used during this PhD research for Cu, Zn, and Pb isotopes. 
The appropriate methods were chosen according to their establishment, simplicity, 
and practicability of samples used in this thesis. 
 
2.2.3.1 Mass bias correction for high precision Cu isotope ratio measurements 
The modified standard-sample bracketing (m-SSB) method and the empirical external 
normalization (EEN) method were introduced for high precision Cu isotope ratio 
measurements by Mason and co-workers [Mason et al., 2004b]. Throughout the PhD 
study, both methods were applied and no significant difference was found.  
The m-SSB method was introduced as the additional sources of error that cause 
temporal shifts in mass discrimination are not fully accounted for by the linear 
approximation within the normal SSB correction. A Zn standard solution is added to 
samples and standards (i.e., the NIST-976 Cu standard) and we assume that the mass 
discrimination experienced during 66Zn/64Zn ratio and 65Cu/63Cu ratio measurements 
remains constant.  The 66Zn/64Zn ratio monitors sudden shifts of mass discrimination 
during the measurement. The δ66Zn value is calculated together with the δ65Cu after 
the measurement, showing how mass discrimination differs between samples and 
bracketing standards. By subtracting the δ66Zn value from the corresponding δ65Cu 
values, the m-SSB method further corrects for the changes in mass discrimination that 
are not accounted in the normal SSB correction. The concentrations of standard and 
sample are matched carefully. 
The EEN method introduces a Zn standard into the Cu samples, and the 
instrumental fractionation factor is determined in the Cu sample solution using the Zn 
addition. Mass bias correction models used include the linear, power, and exponential 
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law [Albarède et al., 2004], but the exponential law is the most widely used [Yang, 
2009]. It is expressed as: 
i / jRtrue =i / jRmeasured mimj
⎛ 
⎝ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ ⎟ 
f
  (3) 
, where R is the isotope ratio including the isotopes i and j, mi and mj are absolute 
atomic masses of the isotopes i and j, and f is the mass bias correction factor. 
Assuming that fCu / fZn is constant over the measurement sessions, the Cu isotope ratio 
is corrected using the mass fractionation factor derived from the 66Zn/64Zn isotope 
ratio: 
65 / 63Cutrue =65 / 63Cumeasured m65m63
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ 
fZn
  (4) 
, where 
fZn = ln
66 / 64 Znmeasured
66 / 64 Zntrue
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ /ln
m64
m66
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟   (5) 
The ‘true’ 66Zn/64Zn isotope ratio is approximated using the natural abundance given 
by Rosman and Taylor (1998). 
 
2.2.3.2 Mass bias correction for high precision Zn isotope ratio measurements 
The instrumental mass bias during Zn isotope ratio measurements was corrected using 
a double spike. This technique is accounting for any isotope fractionation occurring 
during sample processing and ensures accurate isotope ratio measurement. The Zn 
double spike technique was designed and tested previously in the MAGIC laboratories 
[Arnold et al., 2010b]. 
The Zn double spike uses the two isotopes 64Zn and 67Zn with a ratio of 2.5 
[Arnold et al., 2010b], the double spike was added to samples at a sample-spike 
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atomic ratio of 1:1 (leading to the smallest error) prior to sample processing and 
isotope analysis. Mass 62 (62Ni) was measured simultaneously with the Zn isotopes to 
correct for the isobaric interference on 64Zn from 64Ni. The raw 64Zn /67Zn, 66Zn /67Zn, 
and 68Zn /67Zn isotope ratios were processed off line using a geometric approach to 
solve the necessary equations in 3-dimensional isotope space as defined by isotope 
ratios with a common denominator [Hofmann, 1971; Siebert et al., 2001]. An iterative 
procedure is used, which accounts for the curved trajectories that are obtained when 
mass discrimination is described by the exponential law [Siebert et al., 2001]. Along 
with the samples an in-house standard, named London Zn, is used as “zero-delta” 
reference for monitoring unaccounted instrumental mass bias changes or spectral 
interferences. Repeated measurements of London Zn were carried out during each 
analytical session, and commonly exhibited small deviations from δ66Zn = 0, which 
was also observed by previous studies using double-spikes method with MC-ICP-MS 
[Bermin et al., 2006; Ripperger, 2007]. These small but significant variations appear 
to reflect changes in the instrumental mass bias, which produce fractionation patterns 
that deviate from exponential law behaviours [Wombacher et al., 2003]. A simple 
empirical correction is employed to correct for this offset by referencing the sample 
data of a measurement session to the mean isotopic composition determined from 
repeated analyses of the spiked London Zn standard: 
 
δ66Znsamlpe (true) = δ66Znsamlpe (measured) - δ66ZnLondon (measured)   (6) 
 
The δ66Zn analysis of the London Zn was converted to the Lyon Zn notation 
using the empirical relationship Δ66ZnLyon-London = δ66ZnLyon - δ66ZnLondon = 
-0.15±0.05‰, with n=56 determined during the course of the PhD thesis. 
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2.2.3.3 Mass bias correction for high precision Pb isotope measurements 
To obtain accurate and precise Pb isotope ratios, the procedure developed by Weiss et 
al. (2004) was used. Here a NIST SRM 981 Pb standard is used to calibrate the 
isotopic ratio of a Tl spike added to samples and, then used for mass bias correction 
using the external normalisation process described above. 
After doping NBS SRM 981 Pb standard and unknown samples with the NIST 
SRM 997 Tl with the same Pb/Tl ratio and concentrations, the measurement of the 
raw Pb isotope ratio are conducted with the MC-ICP-MS. The mass 202 is measured 
simultaneously to correct for the isobaric interference on 204Pb from 204Hg. From the 
raw data, the Tl mass fractionation factor fTl is calculated using the exponential law. 
The 205Tl/203Tl ratio used to calculate the mass fractionation factor fTl is optimized 
each measurement session from repeated NIST-SRM 981 Pb standard measurements 
dispersed between sample measurements.  
 
fTl = ln
205/203Tltrue
205/203Tlmeasured
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ /ln
m205
m203
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟    (8) 
 
, where m205 and m203 represent the atomic masses of the two different Tl isotopes. 
The ‘optimized’ Tl mass correction factor fTl is then used to correct the measured Pb 
isotope ratios of the samples:  
i / jPbtrue=i / jPbmeasured(
mj
mi
)fTl    (9) 
, where mi and mj are the atomic masses of isotopes i and j, respectively (i.e. 204, 206, 
207, and 208) and fTl is the mass fractionation coefficient derived from Equation (8). 
The Tl ratio was optimized using the 208Pb/206Pb value of Galer and Abouchami 
(1998), which is 208Pb/206Pb = 2.16771.  
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2.3 The copper and zinc global geochemical cycle 
2.3.1 Global Cu and Zn cycle 
The global geochemical cycles of Cu and have not received the same attention as C, N, 
S, or P [Rauch and Pacyna, 2009] and only recently the first quantitative models of 
the global cycles of Ag, Al, Cr, Cu, Fe, Ni, Pb, and Zn, including natural and 
anthropogenic stocks and flows were published [Rauch, 2011; Rauch and Graedel, 
2007; Rauch and Pacyna, 2009]. 
Figure 2.1 shows a diagram of the global Cu and Zn cycles and estimates of the 
masses of natural and anthropogenic reservoirs and of fluxes between the reservoirs 
[Rauch and Pacyna, 2009]. A detailed description of the Figure 2.1 is given elsewhere 
(Rauch and Pacyna, 2009), but it is evident that the atmosphere is a key pathway for 
element transfer between natural and anthropogenic reservoirs. On the Earth surface, 
Cu and Zn is mobilised mostly by water transport, biomass metabolism, and eolian 
action. Among the fresh water reservoirs, groundwater has the largest standing mass 
but river mass transport dominates movement of material to the oceans. Windblown 
dust is the most important medium of atmospheric transport for Cu and Zn and sea 
spray emission is significant for Cu and Zn. There are significant fluxes of metal from 
anthropogenic sources to natural sinks. They occur through emissions to air, water, 
and land from metal production, fabrication, discard emissions, fossil fuel combustion, 
agricultural biomass, and metal usage. Largest atmospheric emission of Cu and Zn are 
from metal production and fabrication. For Cu and Zn, natural emissions into the 
atmosphere, including soil dust emission, terrestrial biomass emission or combustion, 
and sea spray, are approximately 2 and 3 times greater than anthropogenic emissions, 
including fossil fuel, agricultural biomass, production, fabrication, and discard 
material emissions, respectively. Approximately one third of the Cu and Zn in the 
atmosphere is deposited into the ocean and two third onto the continent. 
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Figure 2.2 Global biogeochemical cycles for Cu and Zn. The line thicknesses are logarithmically 
proportional to the flow magnitude, and colours indicate the percent uncertainty. From Rauch and 
Pacyna, 2009 
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2.3.2 Cu and Zn isotope distribution in low temperature environment  
To apply stable isotopes as tools to study the global geochemical cycles of Cu and Zn, 
the different reservoirs need to be characterised with respect to the isotopic range. 
Table 2.1 and Figure 2.2 give an overview of the range of measured Cu and Zn 
isotope ratios in different low temperature environment reservoirs. We find that Cu 
and Zn isotope ratios vary significantly within and between the reservoirs, suggesting 
important natural and anthropogenic processes affecting the isotope composition. 
 
 Table 2.1 Overview of the Cu and Zn isotope ratios in different low temperature environment 
reservoirs 
 
The specific characteristics of Cu and Zn in the natural eolian dust and urban 
aerosols are reviewed later in the individual chapters. However, it is important to note 
that there is no information of Cu isotope ratios in airborne particulate matter. With 
respect to Zn isotope ratios, one measurement has been reported for eolian dust 
collected in Niger (0.17 ‰) [Maréchal et al., 2000]. Recent measurements of 
fumarolic gases from an Indonesian volcano show ranges of δ66Zn between 0.05 and 
0.85 ‰ [Toutain et al., 2008]. Aerosols collected in different cities shown a large 
range in δ66Zn [Cloquet et al., 2006; Gioia et al., 2008], spanning more that 1 per mil. 
Plant materials shown the most negative δ65Cu value (due to redox processes at the 
root surface) and have the largest range of Zn isotope ranges among the listed 
reservoirs, which show that there is a significant biological impact of Cu and Zn
δ65Cu δ66Zn 
Reservoir 
‰ Reference ‰ Reference 
Eolian dust   0.17 [Maréchal et al., 2000]
Fumarolic gases   0.05 to 0.85 [Toutain et al., 2008]
Urban aerosol   -1.13 to -0.07 [Gioia et al., 2008]
   0.03 to 0.30 [Cloquet et al., 2006]
Plants -0.71 to -0.14 [Weinstein et al., 2011] -0.55 to 1.18 [Moynier et al., 2009]
  -0.91 to 0.76 [Viers et al., 2007]
  -0.18 to 0.72 [Weiss et al., 2007]
River water -0.04 to 1.46 [Vance et al., 2008] 0.02 to 0.46 [Borrok et al., 2008]
  0.07 to 0.58 [Chen et al., 2008]
Surface seawater 0.51 to 1.25 [Vance et al., 2008] -0.18 to 0.14 [Bermin et al., 2006]
Deep seawater 0.90 to 1.44 [Vance et al., 2008] 0.36 to 0.54 [Andersen et al., 2011]
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isotope fractionation in natural environment [Jouvin et al., 2012; Moynier et al., 2009; 
Viers et al., 2007; Weinstein et al., 2011; Weiss et al., 2007]. The δ65Cu values vary 
significantly in worldwide river waters [Vance et al., 2008], but the range of δ66Zn 
values is small in individual river systems [Borrok et al., 2008; Chen et al., 2008]. 
This observation has been generally related to the leaching bedrock/sediment of the 
river, the adsorption and desorption of Cu and Zn onto suspended particles, the redox 
chemistry of Cu and anthropogenic source input [Bermin et al., 2006; Vance et al., 
2008]. Deep seawater has heavier Cu and Zn isotope ratio than surface seawater, 
which is caused by the isotopic fractionation between a ligand-bound dissolved phase 
and a labile adsorbed particulate phase. The compilation of Table 2.1 and Figure 2.2 
reveals that we have only limited information on the isotopic composition of Cu and 
Zn in atmospheric particulates and dust. In particular, the Cu and Zn isotope ratios of 
the global major dust sources are unknown and with it potential fractionation 
mechanisms during the atmospheric transportation. This knowledge gap is directly 
addressed in this PhD research. 
 
2.4 Airborne particulate matter and urban aerosol 
2.4.1 Airborne particulate matter 
Airborne particulate matter (APM) is an important component of the Earth System as 
it affects the radiative balance of the atmosphere by scattering and absorbing solar 
radiation [Haywood and Boucher, 2000]. APM acts as cloud condensation nuclei and 
ice nuclei which affect the hydrological cycle [Lohmann and Feichter, 2005]. Wet and 
dry deposition of APM to the continent and marine surface contribute as a significant 
nutrient source to the ecosystems [Mahowald et al., 2003; Mahowald et al., 2005].  
AMP is an important air pollutant, which leads to serious adverse health effects 
30
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[Brunekreef and Holgate, 2002; Harrison and Yin, 2000]. Although concentrations of 
trace metals in AMP in most cities in the developed world have declined in response 
to pollution control in recent years and little attention is given to their measurement 
[Harrison and Yin, 2000], these metals carry important information about the sources 
of the air pollution from traffic and industrial emissions. 
Numerous chemical and physical methods are used to study APM in the 
environment, such as traditional filter sample methods, real-time online chemical 
analysis methods (e.g. aerosol time-of-flight mass spectrometry, aerodyne aerosol 
mass spectrometry, and particle-into-liquid-sampler with ion chromatography), 
off-line chemical analysis (e.g. scanning and transmission electron microscopy, and 
proton nuclear magnetic resonance spectroscopy), and methods of measuring aerosol 
physical chemical properties (e.g. density and refractive index), aerosol size 
distributions, and size-resolved aerosol compositions [Lee and Allen, 2012; McMurry, 
2000].  Stable isotope signatures have been very successful for source appointment 
and as tracers of APM, including non-radiogenic isotopes of the light elements carbon 
(C), nitrogen (N), and oxygen (O) [Kojima et al., 2011; Wang et al., 2010; Wang et al., 
2005] and radiogenic isotopes elements such as lead (Pb), strontium (Sr), and 
neodymium (Nd) [Grousset and Biscaye, 2005]. 
 
2.4.2 Metal stable isotopes as tracers in the urban aerosols 
Lead (Pb) isotope has been proved to be a very efficient tool for tracing the sources of 
local and global Pb pollution [Komarek et al., 2008]. Grousset and Biscaye (2005) 
reviewed the application of Sr, Nd, and Pb isotope ratios as tracers to identify natural 
dust sources and global dust transport and recent work of Geagea and co-workers 
showed that source identification of industrial emissions in the urban atmosphere is 
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improved by the combination of the Sr, Nd, and Pb isotope systems [Geagea et al., 
2007; Geagea et al., 2008a; Geagea et al., 2008b]. 
 Very recently, Fe isotopes have been tested for urban aerosol source tracing. 
Particulate matter below and above 2.5 μm in diameter in a parking structure had 
similar isotope ratios [Majestic et al., 2009a] but significant Fe isotope variations 
were found between tyre tread, ceramic brakes, and metallic brakes, implying that Fe 
isotope composition may be used to resolve these traffic sources  
 The application of Zn isotope ratio for tracing sources of AMP was tested in Metz, 
France [Cloquet et al., 2006] and in Sao Paulo, Brazil [Gioia et al., 2008]. Cloquet et 
al. (2006) reported that the Zn isotope in ambient PM10 had average δ66ZnLyon of 
0.12±0.21‰ and they suggest that different Zn sources transported in the atmosphere 
were successfully homogenized. Gioia et al. (2008) found that significant variations in 
δ66ZnLyon in APM collected in Sao Paulo ranging between -1.05 ‰ and -0.46 ‰ in 
particulate matter with diameter between 2.5 and 10 micrometers (PM2.5-10) and 
between -1.13 ‰ and -0.07‰ in PM2.5. This range was explained with contributions 
of gasoline and background/industrial emissions. This idea is in line with work 
showing that Zn refining processes can imprint isotopically light Zn isotope signals in 
emission dust [Mattielli et al., 2009]. Further discussions will be presented in Chapter 
4. 
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the precise and accurate determination 
of Cu and Zn isotope ratios in small 
volume dust and aerosol samples  
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Abstract 
The characterisation of the stable isotope composition of Cu and Zn in the major 
global mineral dust sources and in aerosols is central to the development of these 
novel isotope systems as potential novel tools for biogeochemical studies. However, 
this task is challenged (i) by the small amount of dust and aerosol samples often 
available for analysis, especially when characterising particulate size fractions or 
when collected in remote areas, respectively, and (ii) by the complex matrix typical 
for these types of samples, with dominant contributions from silicate materials. Here 
we present a tailored ion exchange procedure for the precise and accurate 
measurement of Cu and Zn isotopes in dust and aerosols and characterise for the first 
time isotope ratios of Cu and Zn within a well defined source-receptor setting on the 
continent-ocean interface including (i) bulk soil samples from the Sahel in Mali and 
(ii) aerosols collected in remote ocean atmosphere. Our analytical method yields low 
blank using less resin and acid volume than previous methods with a typical precision 
of ±0.05 per mil pamu. The tailored method uses a second passage through an ion 
exchange resin to purify the Cu fractions and has a simpler experimental procedure 
than previous generic methods developed for silicates. The isotope ratios in bulk 
Sahel soil dust collected in Mali showed small isotopic variability for both elements 
with an average for δ65CuNIST976 of -0.24±0.11‰ (9 measurements, 2SD) and for 
 δ66ZnLyon of +0.43±0.10 ‰ (9 measurements, 2SD). Two aerosol samples collected 
on cruise M55 of the German SOLAS program over the northern Atlantic Ocean off 
shore Africa have a δ65CuNIST976 value of -0.02±0.10‰ (n=3, 2SD) and -0.14±0.09‰ 
(n=3, 2SD), and δ66ZnLyon value of 0.03±0.04‰(n=3, 2SD) and 0.17±0.10‰ (n=3, 
2SD). These values are significantly different to the Sahel soil dust, which back 
trajectories modeling revealed as the possible source. One possible explanation based 
on enrichment factor calculations and comparison with published isotope signatures 
for Cu and Zn from anthropogenic materials is that anthropogenic source contribution 
could be important. 
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3.1 Introduction 
Reports using stable isotope ratios to identify sources and to study biogeochemical 
processes of transition metals in the environment have been increasing in the last 
years [Weiss et al., 2008]. Of particular interest is the application of these new isotope 
systems to the better understanding of the cycling of Cu and Zn in the oceans due to 
their importance as micronutrients and in the urban atmosphere due to their toxic 
effects after inhalation [Bermin et al., 2006; Gioia et al., 2008; Vance et al., 2008]. 
Central to these applications is the isotopic characterisation of atmospheric mineral 
dust and its potential sources as dust is thought to be the main source of Cu and Zn to 
the ocean and plays an important role in air pollution events in megacities such as 
Beijing, Sao Paulo and Cairo [El-Metwally et al., 2008; Jickells et al., 2005; Li et al., 
2011].   
From an analytical point of view, two major issues challenge the accurate and 
precise characterisation of Cu and Zn isotopes in size fractions of dust sources and 
aerosols. First, the volume and mass of size fractions separated from collected bulk 
samples or of aerosols collected during air sampling campaigns are small and 
concentrations of these trace elements are low. Blank contributions are a significant 
problem [Gioia et al., 2008]. Second, the matrix of dust and aerosol samples is 
challenging, because elements typically abundant such as Fe and Ti can lead to 
significant non spectral and spectral interferences and mass bias effect during Cu and 
Zn isotope ratio analysis [Archer and Vance, 2004; Mason et al., 2004a]. It is critical 
to remove these elements from the separated Cu and Zn fractions for isotope 
measurement [Mason et al., 2004a]. 
Analytical methods (sample preparation and mass spectrometry) to measure Cu 
and/or Zn isotope ratios precisely have been developed for different types of matrices 
and samples [Albarède, 2004; Archer and Vance, 2004; Bermin et al., 2006; Chapman 
et al., 2006; Chen et al., 2009; Cloquet et al., 2006; Gioia et al., 2008; Maréchal et al., 
1999; Mason et al., 2004a; Mason et al., 2004b; Petit et al., 2008] and Table 3.1 
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summarises key analytical data for Cu and Zn isotope analysis of geological materials 
including acid and resin volume used, procedural blank achieved, and recovery. 
Maréchal and co-workers published in 1999 the first ion exchange method, which 
used 1.6 ml of chloride form AG MP-1 resin to separate Cu, Fe, and Zn from matrix 
elements of geological and biological samples using different strengths of mineral 
acids (HCl and HNO3) and H2O2. Archer and Vance (2004) subsequently reduced the 
resin volume to approximately 0.63 ml and one third of the acid volume for the first 
ion exchange column passage and then introduced a second separation step passing 
the Cu and Zn fractions via approximately 0.06 ml of TRUSpec resin and leaching it 
with ≤4 ml 8 M HCl. Chapman et al. (2006) developed a method that used 2 ml of AG 
MP-1 resin and elution procedures without H2O2 but with 0.1 M HCl for Zn. 
Comparing with the Maréchal et al. method, this procedure reduced the Zn blank from 
50 to 28 ng, but increased the Cu blank from 10 to 35 ng. Gioia and co-workers (2008) 
subsequently were the first to develop an analytical method tailored for aerosols. They 
reduced resin volume (0.6 ml AG MP-1 resin) and acid volume (21 ml HCl acid), and 
thus the Zn blank to 2.8 ng. However, the small volume of resin led to bad recovery 
for Zn in silicate samples and for Cu in aerosol and silicate samples.  
There are two major constraints affecting successful Cu and Zn isotope ratio 
measurements in small volume dust and aerosol samples: blank contribution and 
purity of the separated fraction. Chapman et al. (2006) characterised isotope ratios in 
procedure blanks and found values for Cu ranged from -1.41‰ to -0.41‰ and for Zn 
from -0.55‰ to 0.85‰. Assuming this to be representative for typical blank 
contribution, blank contributions as small as 0.2 wt% can affect analytical accuracy. 
The ion exchange step is typically the major source of the procedural blank assuming 
a thorough acid cleaning procedure of laboratory ware is conducted in the laboratories 
prior to the analytical work [Patterson and Settle, 1976]. Reducing the volumes of 
resin and acid used during the ion exchange procedure is key to low blanks. Gioia et 
al. (2008) optimised resin and acid volume for Zn isotopes in urban aerosols, but this 
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method failed to recover Cu quantitatively. The Cu fraction is particularly problematic 
as it often contains major contributions from matrix elements after only one column 
passage. To address this problem, Archer and Vance (2004) introduced a second stage 
separation column with TRUSpec resin to purify the Cu fraction. While this 
procedure results in low Cu and Zn blanks and quantitative recovery, changing resin 
type and leaching acid during the procedure is the main disadvantage as it is more 
labour and thus time intense. Most recently, Larner et al. (2011) changed the oxidation 
state of Cu for a better separation from the matrix in biological samples, taking 
advantage of the different distribution coefficients of CuI and CuII 
Given these challenges, the objectives of this study were: (i) To tailor and optimise 
previously developed methods for silicate samples to low volume dust and aerosol 
samples, (ii) to characterise for the first time Cu and Zn isotopes in bulk fractions of 
an important global dust sources, the Sahel area, and (iii) to assess if isotope 
variability in aerosols collected over the open ocean indeed can help to trace source 
and/or shed new insights into biogeochemical cycles. We first reduced procedural 
blank for Cu and Zn by minimizing the resin and elution acid volume, and then 
introduced a two-stage ion exchange procedure to clean up the Cu fraction from 
interfering matrices. This method consequently enabled us to test and measure for the 
first time precise Cu and Zn isotope ratios in Sahel soil dust and aerosol samples and 
to test the possible application of Cu and Zn isotopes as new tools to study the 
biogeochemical cycle of these trace elements. 
 
3.2 Methodology 
3.2.1 Materials and reagents 
The mineral acids used were sub-distilled in the laboratory (HNO3, HCl) or bought 
(HF, 40 % Suprapur®, Merck, Germany). Dilute solutions of acids for the ion 
exchange procedures and for the mass spectrometry were prepared with 18.2 MΩ·cm 
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grade Millipore system (Bedford, MA, USA). All solutions and samples were 
prepared and handled in Class 10 laminar flow hoods in a Class 1000 clean lab.  
A mixed element solution with Ba, Cr, Cu, Fe, Mg, Ti, V, and Zn was used during 
the development of the ion exchange procedure. These elements affect isotope ratio 
measurement of Cu and Zn by the formation of argides, oxides or double charged 
species in the multiple-collector inductively coupled plasma mass spectrometry 
(MC-ICP-MS) [Mason et al., 2004a]. The concentration of the admixed elements was 
2 μg/ml for Ba, Cr, Cu, Ti, V, and Zn and 20 μg/ml for Fe and Mg to simulate 
concentrations in the matrices typically expected for real dust samples [Zhang et al., 
2009]. Two single element solutions of Cu and Zn, denoted as IMP Cu, prepared from 
a Johnson Matthey Purotronic Cu foil, supplied through Alfa Aesar, Karlsruhe, 
Germany; and Romil Zn, ICP-MS Zn standard, ROMIL Ltd., Cambridge, UK were 
used for quality control of the isotope measurement on MC-ICP-MS (see Mason et al., 
2004a for details). 
The analytical procedures were tested using an in-house granite (HRM-24) and 
standard reference material zinc ore BCR-027, a well homogenized mixture of 20 
bulk surface soil samples collected in the Sahel area in Mali on the route between 
Bamako and Timbuktu (sample ID: SHD-mix), and the <1 μm diameter fractions of 
two aerosol samples collected on cruise M55 of the German SOLAS program off 
shore of West Africa (tm20w and tm25w) [Baker et al., 2006; Baker et al., 2007]. The 
starting and end longitude and latitude of sample tm20w is at 8.26°N 24.58°W and 
9.90°N 24.89°W, respectively.  The starting and ending longitude and latitude of 
sample tm25w is 11.00°N 19.08°W and 11.00°N 19.81°W, respectively. 
 
3.2.2 Digestion, concentration analysis, and enrichment factor calculation of samples  
Soil and dust samples were digested using a mixture of conc. HNO3 and conc. HF 
(1:4) in closed Perfluoroalkoxy (PFA) vials (Savillex, MN, USA). Samples were 
placed on a hot plate at 140 ˚C for 48 hours, with 15 minutes of ultrasonic bath every 
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24 hours. Digested solutions were evaporated to dryness, re-dissolved and re-fluxed in 
300 µl of conc. HNO3, and then 300 µl of 7 M HCl. Finally, the solutions were dried 
down and re-dissolved in 2 ml of 7 M HCl. One milliliter aliquot was diluted with 6 
ml of deionised water for concentrations analysis using an ICP-OES (Varian, CA, 
USA). The typical recovery of the digestion method is ≥98% for Cu and Zn. The 
aerosol filters were leached in 20 ml 0.5 M HNO3 for 3 hours in an ultrasonic bath, 
and then washed with 10 ml 0.5 M HNO3 three times. Leachates and wash solution 
were collected to recover all the possible Cu and Zn from the filters, evaporated to 
dryness, and then digested using the same method described above. After digestion, 
the dried solution was re-dissolved in 2 ml 0.5 M HNO3. Half a milliliter was used for 
concentration measurement using quadrupole ICP-MS (Varian), and the remainder 
was prepared for ion exchange separation of Cu and Zn.  
Enrichment factors (EF) are used to evaluate the possible origin (crustal or 
anthropogenic) of metals in samples. The EF of the Sahel soil dust and aerosol 
samples were calculated to constrain possible sources of the aerosol samples. The EF 
in this study was calculated using aluminum (Al) following: 
Crust
Crust
sample
sample
C
Al
C
Al
C
EF =       (1) 
Aluminum was chosen as the reference crustal indicator and the average chemical 
composition of the upper continental crust was used  as reported by Wedepohl, 
(1995). Csample is the concentration of Cu or Zn measured in the samples; Alsample is the 
concentration of Al in the samples. 
 
3.2.3 Ion exchange chromatography for the separation of Cu and Zn 
A Bio-Rad AG MP-1M resin (100-200 mesh), a Bio-Rad polypropylene column (2 ml 
of resin support and 10 ml reservoir) and self-made Teflon columns (0.2 ml of resin 
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support and 3 ml reservoir) were used for the ion exchange chromatography. A sketch 
of both columns is shown in Figure 3.1. The recovery of the element of interest was 
determined measuring the Cu and Zn concentrations in the solutions before and after 
the column passage. Three separate tests with HRM-24 granite showed quantitative 
recovery for Cu (96±4%, n=3) and for Zn (98±5%, n=3).  
 
 
Figure 3.1 The two types of columns used in this study. (A) Bio-Rad Poly-Prep column (2 ml of 
resin and 10 ml reservoir) filled with 0.6 ml of AG MP-1M resin used for the first passage of the 
digest solution to isolate the Zn fraction. The bed height is about 1.2 cm; and (B) An in-house 
teflon column (0.2 ml of resin support and 3 ml reservoir) filled with 0.15 ml AG MP-1M resin 
used for the second passage of the digest to isolate the Cu fraction. The bed height is about 1.5 cm 
 
3.2.4 Isotope ratio measurements 
A Nu Plasma (Nu Instruments Limited, UK) MC-ICP-MS equipped with a Nu 
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DSN-100 Desolvation Nebulizer System and PFA nebulizer was used for the isotope 
ratio determinations. The instrument settings are given in Table 3.2. Data collection 
used 3 blocks with 20 measurements each, a 5 s integration time and 15 s sample 
admission delay. The wash out time between samples was 180 s using two 0.1 M 
HNO3 acid solutions. Isobaric interferences of 64Ni were corrected using intensity 
measurements of 62Ni but these were negligible. Instrumental mass bias correction 
method for Cu and Zn are detailed in Chapter 2. Copper and Zn isotope ratios are 
reported as δ66ZnLyon and δ65CuNIST976 using the δ-notation (see Chapter 2).  
 
Plasma settings  
Coolant Ar flow 13 L/min 
Auxiliary Ar flow 1.0 L/min 
Nebulizer Ar flow 30 L/min 
Extraction voltage 6000 V 
Torch power 1300 W 
Reflected power 0 W 
Cones Ni sample cone and Ni skimmer cone 
Nebulizer parameters 
Spray chamber temperature~101℃ 
Desolvator temperature ~116℃ 
Ar sweep gas flow 2.8–3.8 L/min 
Sensitivity Cu: ca 90 V/ppm  Zn: ca 135 V/ppm 
Sample uptake rate 115-135 µl/min 
Table 3.2 Typical Nu Plasma multiple-collector inductively 
coupled plasma mass spectrometry (MC-ICP-MS) settings used 
during this study 
 
3.2.5 Back trajectories modeling of aerosol samples 
To identify the air masses reaching the aerosol collecting site during the M55 cruise, 
an established back trajectories modeling method was used. 5-day kinematic back 
trajectories arriving at three different heights, 10, 500, 1000 m above mean sea level 
(MSL) were modeled at the starting point and finishing point of the collection of the 
two aerosol samples. The kinematic back trajectories were calculated with version 4 
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of the Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT), 
developed by the National Oceanic and Atmospheric Administration (NOAA)’s Air 
Resources Laboratory (ARL). The meteorological data used for the computation of 
the trajectories comes from the ‘FNL’ archive data from ARL 
(http://ready.arl.noaa.gov/archives.php). 
 
3.3 Result and discussion 
3.3.1 Separation of the Zn fraction after one column passage 
The ion exchange procedure used to separate the Zn is shown in Table 3.3. The 
smallest volume of resin that enabled the baseline separation of Cu and Zn peaks was 
0.6 ml with a resin bed height of about 1.2 cm. This volume was established 
experimentally after testing different amounts of resin ranging between 0.2 and 1 ml. 
Figure 3.2 shows the elution profiles for the multi-element solution and the in house 
HRM-24 granite measured by ICP-OES. Whilst the Cu and Zn fractions are 
quantitatively separated, we find that only the Zn fraction is free of any problematic 
elements. 
Stage 1 – Separation of Cu and Zn fraction from matrix 
Stage Acid Volume used (ml) 
Conditioning 7 M HCl 4 
Sample loading 7 M HCl 1 
Matrix elution 7 M HCl 1.5 
Cu elution 7 M HCl 10 
Fe elution 2 M HCl 7 
Zn elution 0.1 M HCl 7 
 
Stage 2 – Purifying of the Cu fraction 
Stage Acid Volume used (ml) 
Conditioning 7 M HCl 2 
Sample loading 7 M HCl 0.3 
Matrix elution 7 M HCl 0.3 
Cu elution 7 M HCl 3.5 
Table 3.3 The two stages ion exchange procedure developed in this study 
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The Cu fraction after the first passage through the column contained significant 
concentrations of Ba, Cr, Ti, V, Mg, and Fe (<5% of the total matrix elements) that 
would affect the subsequent isotope measurements [Mason et al., 2004a]. After the 
first passage, the matrix free Zn fraction was dried down, re-fluxed in 0.1 ml 15.5 M 
HNO3 and then re-dissolved in 0.1 M 15.5 M HNO3 for sub-sequent isotope ratio 
analysis (see Table 3.4).  
 
3.3.2 Purifying Cu fraction with a second step ion exchange column 
The Cu fraction was passed through a second, smaller ion exchange column with less 
acid and resin used. These columns were made in-house from heat-shrink teflon tubes. 
As shown in Figure 3.1, the columns have 0.2 ml of resin support (2.2 cm long) and 3 
ml reservoir (2.7 ml long). We added 0.15 ml of AG MP-1M resin. The Cu fraction 
collected after the first passage was dried down, re-dissolved in 0.3 ml of 7 M HCl 
and loaded onto the second column. The second elution procedure used 0.3 ml of 7 M 
HCl to remove the remaining matrix from the first step separation. Then 3.5 ml of 7 
M HCl were used to elute the Cu fraction. Figure 3.2 shows the elution profile for Cu 
and the matrix elements for the multi element test solution and for the granite digest. 
The Cu fractions are free from the matrix after the second passage. The Cu recovery 
was quantitative (96±4%, n=3) and the subsequent precision of the Cu isotope ratio is 
in agreement with those obtained from the other methods. (See below) 
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3.3.3 Procedural blank of the ion exchange procedure 
The procedural blank for the proposed sample preparation procedure resulted in 2.4 
ng of Cu after the two column passages, which is significantly lower than those 
reported by Maréchal et al., 1999 (10 ng) and Chapman et al., 2006 (35 ng), but 
slightly higher than Archer and Vance, 2004 (≤ 0.5 ng). The Zn blank was 2.9 ng, 
which is in line with the blank received from previous methods (2.8 ng, Gioia et al., 
2008; 1 ng, Archer and Vance, 2004), but lower than Maréchal et al., 1999 (50 ng) and 
Chapman et al., 2006 (28 ng) procedures. 
Our results suggest that the blank during the ion exchange procedure is controlled 
by the resin volume as it increases from below 2.9 ng for Cu and Zn with 0.6 ml of 
resin to above 10 ng with 1.6 ml of resin (see Table 3.1). Comparing the methods 
listed in Table 3.1, the acid volume does not show direct correlation with the blank 
contribution. This suggests that when the acids, if double destilled, do not affect the 
procedural blank significantly. Although the method presented in this study has a 
slightly higher blank than the Archer and Vance, 2004 method, it has the distinct 
advantage of using the same resin for both steps of ion exchange columns, which 
simplified the experimental settings and the laboratory work. 
 
3.3.4 Accuracy and precision of isotope measurements  
The accuracy and precisions of the Cu and Zn isotope ratio measurements following 
the tailored ion exchange procedures were assessed using two well-characterised 
single element solutions (i.e. IMP Cu and Romil Zn) and one geological standard 
reference material, i.e. BCR-027 (zinc blende ore). Table 3.4 shows the δ65CuNIST976 
and δ66ZnLyon values determined in this study using the improved method alongside 
previously published values [Arnold et al., 2010a; Chapman et al., 2006; Mason et al., 
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2004a].  
To test possible isotope fractionation during the ion exchange separation 
procedures, the isotopic compositions of IMP Cu and Romil Zn were measured in the 
single element solutions and in solutions with the matrix elements Fe, Ti, Cr, Ba, and 
Mg added before and after the passage through the ion exchange columns, The 
concentrations of the interfering elements were chosen to reflect the composition of 
standard reference material NIST 1649a Urban Aerosol (tested in the study in Chapter 
4). As seen in Table 3.4, there is no evidence for significant isotope fractionation of 
IMP Cu and Romil Zn during the method, and the value is comparable with previous 
study [Mason et al., 2004a]. The long-term measurement of IMP Cu and Romil Zn 
showed an external precision of ±0.05‰ pamu, which is similar to previous studies 
[Cloquet et al., 2008; Mason et al., 2004a]. The δ65CuNIST976 and δ66ZnLyon value of 
IMP Cu, Romil Zn, and BCR-027 agree within error with published data [Arnold et 
al., 2010a; Chapman et al., 2006; Mason et al., 2004a]. This indicates that accuracy 
and precision of the isotope measurements of standards using our improved 
procedures are comparable to previous studies. The measured aerosol and soil dust 
samples showed a similar external precision of ±0.05‰ pamu, which suggest that our 
tailored method produces precise Cu and Zn isotope ratio measurements in dust and 
aerosols samples. 
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3.3.5 Isotopic measurements of Sahel soil and aerosols collected over the open ocean in 
the Northern Atlantic off shore western Africa 
To test if high precision and accurate isotope ratio determinations enable us to 
improve our understanding of the atmospheric cycling of Cu and Zn between 
continent and ocean, we measured the Cu and Zn isotopes in Sahel surface soil dust, 
the potential natural sources of Cu and Zn to the tropical North Atlantic, and in two 
aerosol samples collected off shore of the African continent in 2002.  
Back trajectories modeling was used to identify the origin of the air masses 
arriving at the aerosol collecting site and to constrain the possible source regions of 
the aerosol samples. The results are shown in Figure 3.3. We find that the air mass 
arriving at the aerosol collecting point comes from the northeast. For sample tm20w, 
the air mass at 1000 m above MSL originates only from the Sahel areas in Mali. The 
air mass at 10 m and 500 m above MSL are possibly influenced by sea spray. The air 
masses at all altitudes arriving at the sampling site during the collection of sample 
tm25w aerosol are derived from other Saharan areas in North Africa but have been 
crossing the Sahel. The back trajectories suggest that air masses from different areas 
of the Sahara arrived at the sampling site off shore of West Africa. This is in line with 
previous work demonstrating that the eastern North Atlantic off shore West Africa 
receives significant air masses from the Northwest Africa [Garrison et al., 2003; Swap 
et al., 1996]. 
The enrichment factor (see Table 3.4) calculated for the two aerosol samples 
collected are significantly higher than 1 and than that of the Sahel dust samples (EFCu 
of 11.8 and 9.0, and an EFZn value of 6.5 and 6.9, respectively). This suggests that 
there is a significant other source contribution for Cu and Zn, likely from 
anthropogenic pollution [Sutherland, 2000]. An enrichment factor below 2 relative to 
crust as calculated for our measured bulk Sahelian soil dust sample (see table 3) is in 
line with enrichment factors determined for aeolian dust collected in Emetteur Kati, 
Mali 
49
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Figure 3.3 Back trajectories model of the two aerosol samples collected during cruise M55 of the 
SOLAS program off shore of West Africa. Model covers the trajectories at three different heights 
(10 m, 500m, and 1000 m) and during the last 5 days before the sampling. (A) and (B) show the 
starting (8.26°N 24.58°W) and ending (9.90°N 24.89°W) longitude and latitude of sample tm20w 
and (C) and (D) show the starting (11.00°N 19.08°W) and ending (11.00°N 19.81°W) longitude 
and latitude of sample tm25w 
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(near Bamako, Mali) [Garrison et al., 2010], and in South Algeria, the source area of 
the air mass for the aerosol sample tm25w [Guieu and Thomas, 1996]. Thus while the 
natural dust source (i.e. Sahelian dust and Saharan dust) shows similar enrichment 
factor close to crustal values, the aerosol collected in this study have significantly 
higher enrichment factors, suggesting significant contributions from non natural 
(Saharan) dust, likely of anthropogenic origin. Important anthropogenic source 
contributions to aerosols collected off shore eastern tropical Atlantic coming from 
Europe has been suggested before [Kallos et al., 2007].  
 We find that Sahel soil samples of Mali have an average δ65CuNIST976 value of 
-0.24±0.11‰ (2SD, n=9) and  δ66ZnLyon value of 0.43±0.10‰ (2SD, n=9). The aerosol 
sample tm20w has a similar Cu isotope ratio (-0.14±0.09‰, 2SD, n=3) like the Sahel 
dust but a lighter Zn isotope ratio (0.03±0.04‰, 2SD, n=3), and aerosol sample 
tm25w shows a heavier Cu isotope signature (-0.02±0.10‰, 2SD, n=3) and lighter Zn 
signature (0.17±0.10‰, 2SD, n=3) than the Sahelian dust (See Table 3.4). The 
difference between the isotope signatures of the Sahel dust and that of the aerosols 
seems larger for Zn than for Cu. 
The differences in the isotope signatures are in line with the observed enrichment 
factors suggest that, the Cu to a minor and Zn to a larger part, in the aerosols have 
contributions from other sources than the Sahel soil dust. Previous work on Zn 
isotopes in the environment suggests the additional source could be anthropogenic. A 
recent study characterising the Zn isotope ratio in aerosols in Sao Paulo, Brazil, found 
isotopically light Zn with δ66ZnLyon ranging between -1.05 ‰ and -0.46 ‰ in coarse 
particles and between -1.13 ‰ and -0.07 ‰ in fine particles, and the authors 
suggested that traffic emission could be the main source causing the light Zn isotope 
signature [Gioia et al., 2008]. Similarly, emissions of Zn from a Pb–Zn refinery in 
France showed a light Zn isotope signature between -0.63‰ and -0.73‰ [Mattielli et 
al., 2009]. These results are in line with the argument that anthropogenic contributions 
affected the Zn isotope signature in the collected aerosol samples over the North 
Atlantic leading to a distinct different signature than the natural source, the Sahelian 
soil dust. 
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3.4 Conclusions 
We present an ion exchange procedure specifically tailored to the need of separating 
matrix free Cu and Zn fractions in low volume and low concentration dust and aerosol 
samples for the subsequent accurate and precise measurements of Cu and Zn isotopes. 
Zinc is collected in a matrix free fraction after one passage of an AG MP-1M anionic 
ion exchange resin. Copper is purified only after a second passage on the resin with 
smaller volumes. Compared to previous methods for geological and aerosol samples, 
this method has a small blank contribution (2.4 ng for Cu and 2.9 ng for Zn) and has a 
simpler experimental setting for the second stage separation. This improved the ability 
of the method for low volume low concentration dust sample analysis. 
The procedure was used to determine for the first time the isotopic composition 
of Cu and Zn in bulk Sahel soil dust and of aerosol samples collected from open 
ocean off shore of West Africa. A bulk mixture of surface soil dust samples collected 
from the Sahel areas in Mali has a δ65CuNIST976 value of -0.24±0.11‰ and  α δ66ZnLyon 
value of 0.43±0.10‰.  Two aerosol samples collected in the eastern tropic Atlantic 
off-shore West Africa (δ65CuNIST976 = -0.02±0.10 ‰, δ66ZnLyon = 0.03±0.04‰; and 
δ65CuNIST976 = -0.14±0.09‰, δ66ZnLyon = 0.17±0.10 ‰) have different Cu and Zn 
isotope signatures then the Sahelian soil dust. This suggests that other sources than 
Sahel soil contributes to the aerosol samples, which could be anthropogenic according 
to the Zn isotope signature. Back trajectories modeling and enrichment factor 
calculation also suggested possible anthropogenic input during the dust transported 
from Sahel areas to off shore of West Africa. However, more studies about the Cu and 
Zn isotope in dust, aerosols and potential sources it needed in the future for a better 
understanding of the Cu and Zn in dust transportation. 
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Abstract  
This study tested the proposed potential of stable metal isotope ratios as novel 
technique to identify sources of Pb, Cu and Zn in urban aerosols. These metals are of 
special concern to urban regulatory bodies in European cities. Aerosols were collected 
at two road sites with varying traffic intensities in central London during the summer 
of 2010. Aerosols and local sources, including non-combustion traffic emissions 
(tyres and brakes), road furniture (road paint, manhole cover, and road surface), and 
road dust were analyzed for Cu, Zn, and Pb concentrations and isotope ratios and for 
Fe, Al, Cu, Zn, Sb, Ba, Pb, Cr, Ni, and V concentrations. The isotope ratios of the 
aerosols were ranging for Cu (expressed as δ65CuNIST976) between -0.01 ‰ and +0.51 
‰, for Zn (expressed as δ66ZnLyon) between -0.21 ‰ and +0.33 ‰, and for Pb 
(expressed using 206Pb/207Pb) between 1.1137 and 1.1364. There were little 
differences between the two sites in the isotope signatures of all three metals, 
suggesting similar source controls. Copper and Zn isotope ratios on the various 
sources largely overlap and hence do not allow us to separate traffic and road 
furniture related contamination. However, the Cu and Zn signatures of tyres and 
brakes overlap with the aerosol signatures and high Sb and Ba concentrations, 
supporting previous suggestions that these metals are derived from traffic. For Zn, an 
isotopic lighter and for Cu a more concentrated end-member needs to be invoked to 
explain observed mixing patterns and we suggest that a high temperature industrial 
emissions source is important for these two metals.  This is in line with enrichments 
of V and Ni in the aerosols. The isotope composition of Pb suggests that the sources 
of this highly toxic metal have not changed in the London atmosphere for the last 10 
years and show that recycled gasoline Pb remains an important source. Our results 
support the growing understanding that metal isotopes can develop as an important 
technique to study metal cycling in the urban atmosphere. 
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4.1 Introduction 
Metals play a key role in particulate matter (PM) induced adverse health effects 
[Dominici et al., 2005]. The capacity of inhaled particles and metals to elicit 
inflammation and injury at the air-lung interface has been attributed to 
cardiopulmonary diseases [Costa and Dreher, 1997; Gamble and Lewis, 1996; 
Ozkaynak et al., 1996]. Furthermore, the toxicity of metals causes a series of health 
effects [Chen and Lippmann, 2009; Jarup, 2003]. Lead (Pb) exposure damages the 
human central nervous system, kidneys and blood, affects biochemical processes and 
impairs psychological and neurobehavioral functions [Tong et al., 2000]. Zinc (Zn) is 
known to relate with oxidative stress, which is a contributing factor in many chronic 
diseases [Prasad et al., 2004; Walsh et al., 1994]. Copper (Cu) causes damage to 
molecules such as proteins and lipids [Brewer, 2010]. Developing a full understanding 
of the major sources of PM and metal in urban aerosols is critical to air quality and 
controlling emissions in urban environments [Moffet et al., 2008].  
Previous studies tested metal sources in aerosols (PM10/PM2.5) mainly by 
microscopic and chemical methods and suggested that industrial activities, traffic 
emissions, and dust re-suspension [Cooper and Watson, 1980; Harrison et al., 1997; 
Laden et al., 2000; Lin et al., 2010; Manoli et al., 2002; Polissar et al., 2001; Querol et 
al., 2001; Schauer et al., 1996; Thurston and Spengler, 1985] are major processes 
leading to high metal concentrations. Laden et al. (2000) applied specific rotation 
factor analysis to identify dominant source of trace metals in PM2.5 aerosols in major 
US cities, and found that Si was derived from soil and crustal material, Pb from 
vehicle exhaust, Se from coal combustion, V from fuel oil combustion, and Zn or Ni 
from local manufacturing sources. In a similar study Polissar et al. (2001) concluded 
that Ni and V were associated with oil combustion emissions of power plants; Cu, Pb, 
Mn and Zn with municipal waste incineration and non-ferrous metal smelting, and Al, 
Fe and Ti with soil particles and coal combustion. Manoli et al. (2002) showed that Fe, 
Mn and Cr were associated with the bulk matrix from road dust, Zn from tyre wear, 
Fe from brake drum abrasion, and Pb from vehicular combustion.  
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However, the success of using metal concentrations only (and hence enrichment 
factors or trace element associations) to identify single sources for trace metals is 
limited because the large ranges of concentrations often observed in environmental 
materials and stable/radiogenic isotope ratios have been tested to improve trace 
element source tracing. This approach was successful in the case of Pb where isotopes 
identified leaded gasoline in urban particulate matter in London [Monna et al., 1997; 
Noble et al., 2008]. Monna et al. (1997) used the isotope composition of Pb to show 
that Pb from gasoline contributed still 60 % in west London between 1995 and 1996 
despite the phasing out of leaded gasoline in the 1980s.   
Other metal isotope systems (radiogenic and non-radiogenic) such as Fe, Sr, Zn 
and Nd have been assessed and tested for source apportionment of trace element and 
aerosol sources [Flament et al., 2008; Geagea et al., 2008a; Majestic et al., 2009b; 
Widory et al., 2010]. Zinc isotope in urban aerosols were studied in Metz, France 
[Cloquet et al., 2006] and in Sao Paulo, Brazil [Gioia et al., 2008]. In Metz, Zn 
isotope compositions in ambient aerosols collected in a bus and from urban waste 
incinerator flue gases were very similar with values closely scattered around +0.12 ‰. 
In Sao Paolo, in contrast, Gioia et al. (2008) found significantly lighter ratios and 
significantly larger variations in δ66ZnLyon ranging between -1.05 and -0.46 ‰ in 
PM2.5-10 and between -1.13 and -0.07 ‰ in PM2.5. The observed light isotopic 
signature in the particulate matter was tentatively interpreted as Zn derived from high 
temperature combustion. Later studies were in line with this interpretation as they 
showed that particles emitted during high temperature processes such as metal 
refining lead to light Zn isotope signatures in the emitted aerosols (between -0.73 and 
-0.63‰) [Mattielli et al., 2009]. In contrast, the isotope ratios of anthropogenic 
material produced during low temperature processes like electroplating or 
galvanisation [John et al., 2007a] imparts isotopically heavier Zn. 
The aim of this present study was to test the potential of isotope signatures to 
trace Cu, Pb and Zn in aerosols in the urban environment. To this end, we conducted a 
case study in London, UK. First, PM10 samples were collected and analyzed from a 
high and a low traffic density site to test possible effects of the traffic. Second, 
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potential sources including road furniture (manhole cover, road paint, and road 
surface), non-combustion vehicle sources (tyre and brake) and road dust (to represent 
potential other sources deposited in the road environment) were characterized. To 
support potential source identifications, we used trace element pattern, enrichment 
factors and Pb isotope ratios. 
 
4.2 Material and method  
4.2.1 Sample description  
Particulate matter with a diameter below 10 µm (denoted as PM10) was collected 
using a Partisol-Plus Model 2025 Sequential Air Sampler at two different road sites in 
central London between 8th July 2010 and 28th July 2010. One sampling location 
(Marylebone Road, denoted as MR) represents a high traffic density site situated at 
the curbside of a major arterial route in London, with more than 80,000 vehicles per 
day [Charron and Harrison, 2005]. The other sampling location (North Kensington, 
denoted as NK) is a low traffic density site situated next to a school playground. The 
nearest road, with an average daily traffic flow of 8,000 vehicles per day, is more than 
30 m from the sampling location with dwelling houses in between [Abdalmogith and 
Harrison, 2006]. Polytetrafluoroethylene (PTFE) filter were used for the aerosol 
collection and leached prior to employment for 2 days in 1.5 M distilled HNO3 at 
100˚C on a hotplate. 
Road dust (3 samples at each site) and road furniture (manhole cover, 2 samples 
at each site; road paint, 2 samples at each site; road surface at the NK site) were 
sampled within approximately 10 m of each of the aerosol sampling sites. The surface 
of the sources were scratched and picked by hand using gloves and clean plastic bags. 
Road dust was swept from the road side (3 samples at each site), one next to the 
aerosol sampling tube and two in the two opposite directions from each of the 
sampling sites.  
Non-combustion vehicle sources i.e. tear-off from tyres and brakes, were 
characterised using a collection of used tyres and new brakes. Twelve individual tyres 
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from various manufacturers were shredded and mixed before analysis. The brake 
samples were scratched from the surface of two different brands of brake pads, named 
FSB and HBP. All tyres and brakes were common commercial brands.  
For quality control purposes of the concentration and isotope ratio measurements, 
the standard reference material BCR-723 road dust and single element solutions were 
used. 
4.2.2 Sample preparation  
The PM10 were collected with PTFE filters for 48 hours to ensure enough sample 
material for analysis. The filters were weighted before and after the collection to 
determine the mass, and the metals were leached from the filter with 5 ml of aqua 
regia for 24 hours followed with 10 ml of 0.5 M HNO3 for 48 hours on an 80˚C 
hotplate. An ultrasonic bath was used for 1 hour every 12 hours to improve the 
removal efficiency. The filters were washed with 5 ml 0.5 M HNO3 three times. The 
two solutions were collected and evaporated to dryness before further treatment. The 
source samples and the BCR-723 road dust were digested using a conc. HNO3: HClO4 
mixture of 1:4 (v/v) in sealed Perfluoroalkoxy (PFA) vials (Savillex, MN, USA) at 
150 ˚C using a hotplate for 24 hours, with 15 minutes of ultrasonic bath every 12 
hours. After the digestion, the solutions were dried. A mixture of conc. HNO3 and HF 
(1:4 v/v) was added to the vials and placed closed on a hotplate at 140 ˚C for another 
24 hours, with 15 minutes in the ultrasonic bath before and after. The solutions were 
dried to dryness. Together with the digested PM10 samples, they were re-fluxed in 300 
µl of conc. HNO3 twice. After re-dissolution in 2.5 ml of 0.5 M HNO3, 0.5 ml was 
used for concentration measurement using quadrupole ICP-MS (Varian, CA, USA) 
and the remaining solutions were prepared for anion exchange column separation of 
Pb, Cu and Zn.  
All the experimental work was carried out in a Class 1000 clean lab and under 
Class 10 laminar flow hood at the MAGIC laboratories at Imperial College London. 
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Sub-distilled mineral acids (HNO3, HCl), commercial HF (40 % Suprapur®, Merck, 
Germany) and HClO4 (70 % Suprapur®, Merck, Germany), and 18.2 MΩ·cm grade 
Millipore water (Bedford, MA, USA) were used throughout the study to minimize the 
blank contribution. 
 
4.2.3 Concentration analysis and enrichment factor calculation 
The concentration of Fe, Al, Cu, Zn, Sb, Ba, Pb, Cr, Ni, and V were determined using 
a quadrupole ICP-MS. Iron (Fe) was used as proxy to identify general metal 
component wear out; Al to identify natural dust; Pb to indicate gasoline emissions; Ba, 
and Sb to trace brake wear emission [Thorpe and Harrison, 2008]; Cr, Ni, and V to 
trace fuel oil and coal burning emissions and other high temperature industrial 
processes [Moreno et al., 2010; Nriagu and Pacyna, 1988; Peltier and Lippmann, 
2010]. The typical detection limit was <0.006 ng/ml for Pb, Ba, and V; <0.02 ng/ml 
for Cu, Sb, and Ni; <0.2 ng/ml for Zn and Cr; <0.5 ng/ml for Al; and <50 ng/ml for 
Fe.  
Table 4.1 shows the measured concentration data of BCR-723 road dust. The 
typical analytical precision is 7 % (2SD, n=3) for all of the elements and the element 
concentrations of major interest (Cu, Zn, Sb, Ba, and Pb) were within 11% of the 
indicative values.  
 
 This study (n=5) 
2SD 
(n=5) 
Indicative 
Values* Uncertainty*  Recovery
Cu 257.1 mg/kg 25.3 mg/kg N/A N/A  
Zn 1.71 g/mg 0.1 g/kg 1.66 g/kg 0.1 g/kg  102.8% 
Sb 26.0 mg/kg 3.1 mg/kg 28.2 mg/kg 2.3 mg/kg  92.1% 
Ba 0.41 g/kg 0.04 g/kg 0.46 g/kg 0.04 g/kg  89.4% 
Pb 856 mg/kg 86 mg/kg 866 mg/kg 16 mg/kg  98.8% 
δ65CuNIST976 -0.32 ‰ 0.13 ‰   
δ66ZnLyon 0.19 ‰ 0.06 ‰   
Table 4.1 BCR-723 Road Dust measured in this study comparing with Indicative Values from 
European Commission Joint Research Centre Institute for Reference Materials and Measurements 
(labeled with *). The BCR-723 analysed in this study where digested and measured 5 times 
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Enrichment factors of the PM10 were calculated to assist the source assessment 
using crust as reference reservoir and Al as reference element: 
Crust
Crust
sample
sample
C
Al
C
Al
C
EF =       (1).  
The average chemical composition of the upper continental crust were used as 
reported in Wedepohl (1995).  
 
4.2.4 Zinc, Cu, and Pb isotope analysis 
The Zn, Cu, and Pb in all samples were separated from other matrix elements using 
ion exchange chromatography. The details of the Cu and Zn separation method are 
described in Chapter 3. For the Pb separation, the acid elution procedure shown in 
Table 4.2 was used. The Pb elution fraction was dried and re-fluxed in 0.1 ml of 
concentrated HNO3, then re-dissolved in 2 ml of 0.1 M HNO3 for isotope analysis  
 
Stage Acid strength of HCl Volume used 
Cleaning 6 M 4×2 ml 
Conditioning 2.4 M 2×0.5 ml 
Sample loading 2.4 M 1×1.5 ml 
Matrix elution 2.4 M 4×1 ml 
Pb elution 6 M 2×2 ml 
Cleaning 6 M 2×2 ml 
Table 4.2 Anion exchange column procedure for separating Pb. Use 
0.6ml of Sr-resin with a resin bed about 0.5 cm. 
 
The total procedural blank was below 4 ng for Cu and Zn and below 80 pg for Pb. 
This contribution was less than 0.01 % of the total element content in all samples 
analyzed and had no significant effect on the accuracy of the isotope ratio 
measurements. The details of Zn, Cu, and Pb isotope ratio measurements and mass 
bias correction methods are described in Chapter 2. 
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The Romil Cu and Romil Zn solutions were processed and measured with the 
samples during the study and showed a value of δ65CuNIST976 = 0.17±0.10‰ (2SD, 
n=24) and δ66ZnLyon = -9.12±0.08‰ (2SD, n=20), respectively. These are within error 
to previous published values of Romil Cu (δ65CuNIST976 = 0.18±0.06‰, n=19) and 
Romil Zn (δ66ZnLyon = -9.14±0.08‰, n=21) [Moeller et al., 2012; Chapman et al., 
2006]. The NIST-SRM 981 Pb measurement during this study of 206Pb/204Pb, 
207Pb/204Pb, and 208Pb/204Pb were 16.9372 ± 0.0021, 15.4954 ± 0.0021, and 36.7158 ± 
0.0057 (n=50), respectively. This isotope ratio and precision is similar with the 
previous published isotope ratios of NIST-SRM 981 Pb [Weiss et al., 2004].  
 
4.3 Result and discussion 
4.3.1 Trace element concentrations, enrichments and element ratios – a preliminary 
source assessment 
The MR site has approximately ten times higher traffic density than the NK site. 
Element concentrations and calculated enrichment factors of the PM10 and the local 
sources are shown in Table 4.3. The PM10 concentration is approximately twice as 
high at the MR site (18.4 to 41.2 μg/m3) compared to the NK site (10.3 to 16.7 μg/m3) 
site. Mean hourly PM10 measurements at the MR site over a year ranged between 32.3 
μg/m3 in 1998 and 38 μg/m3 in 2004 [Charron and Harrison, 2005; Charron et al., 
2007] and at the NK site around 26 μg/m3 in 2004 [Charron et al., 2007]. The 
concentration of PM10 in London has hence reduced at the NK site during the past ten 
years but not at the MR site. 
We find that Fe, Cu, Zn, Sb, Ba, and Cr concentrations are higher at the high 
traffic site (MR) but Al, Pb, Ni, and V show no significant difference. This 
concentration pattern is well in line with previous studies of urban aerosols [Adachi 
and Tainosho, 2004; Councell et al., 2004; Lough et al., 2005; Miguel et al., 1999; 
Smolders and Degryse, 2002; Thorpe and Harrison, 2008]. 
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The Fe concentration in the PM10 is approximately five times higher at the MR 
site and supporting previous suggestions that wear-off of engines, tyres, and brakes 
are major sources of Fe in urban particulate matter [Garg et al., 2000]. The enrichment 
factors of selected brake pads (HBP) and manhole covers have similar enrichment 
factors the like the aerosols. Copper, Sb, and Ba are abundant in brake lining materials 
[Thorpe and Harrison, 2008] and similar to Fe, we find that the concentrations in 
PM10 are higher at the at MR site, approximately six times. Studies in London, 
Stockholm, and Budapest suggest that Cu/Sb ratios in PM10 ranging between 3.3 and 
9.1 could be a typical signature for brake emissions [Hjortenkrans et al., 2007; Salma 
and Maenhaut, 2006; Weckwerth, 2001]. We observe similar Cu/Sb ratios at our sites, 
ranging between 5.8 and 7.2. The brake pads, however, have higher Cu/Sb ratios 
ranging between 27.3 and 39.3, meaning that either another source of Sb contributed 
to the PM10 or Sb is preferentially emitted during the release process, the latter being 
reasonable as Sb has a lower volatilisation temperatures. The high Sb concentration 
and enrichment factor in the PM10 collected at the MR site, and the relatively low Sb 
concentration and enrichment factor in most of the measured sources supports the 
assumptions. The enrichment factor of Ba in the aerosols at the NK site ranges 
between 7.3 and 26.7 and at the MR site between 38.8 and 112.9, also suggesting the 
importance of traffic wear off on the trace element composition in the PM10. We find 
highest Ba concentration in brakes and manhole covers.   
The Zn concentration of PM10 ranged between 95.9 and 293.7 μg/g (except one 
sample with 1380 μg/g, possibly contaminated during handling) at NK, and between 
203.4 and 1106.4 μg/g at MR. Although the Zn concentration was in general higher at 
MR, there were time periods when both sites showed similar Zn concentrations.  
Previous studies suggest that tyre and brake wear-off and dust re-suspension is a 
major source of Zn in the urban environment [Councell et al., 2004; Hjortenkrans et 
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al., 2007] and the major contributor of traffic related non-exhaust PM10 sources 
[Thorpe et al., 2007].  
Higher Cr concentrations and enrichment factors are found in the MR aerosols, 
which again indicate traffic related emission sources contributing to the trace element 
load in the PM10. Previous studies showed that Cr is enriched in brakes [Rodriguez et 
al., 2004], yellow road paint [Adachi and Tainosho, 2004], and road pavement 
[Hjortenkrans et al., 2007].  
In contrast to the pattern observed for most of the contaminant metals, Pb 
concentrations and enrichment factors are similar in the PM10 collected at both sites, 
which suggests that the airborne Pb is mixed homogeneously in the urban atmosphere 
and not affected by traffic. This is in contrast to suggestions that in the ‘modern’ post 
phasing out of leaded gasoline area, Pb is emitted into the urban atmosphere from fuel 
and motor oil combustion or brake wear [Lough et al., 2005]. We find higher Pb 
concentration in the road dust at the MR site, which is in line with observations that 
re-suspension of enriched road dust, plays a major role in the exposure to Pb in the 
urban environment. The concentrations of Pb in road paint and manhole cover are 
high so wear off of this material could be potential sources of Pb in the aerosols via re 
suspended road dust. 
Nickel and V concentrations and enrichment factors are similar at both sites.  
Nickel and V is derived from fuel oil and coal burning emissions and industrial 
processes [Moreno et al., 2010; Nriagu and Pacyna, 1988; Peltier and Lippmann, 2010] 
and less significant in non-exhaust traffic sources [A Thorpe and Harrison, 2008], 
which suggests that industrial emissions are significant in London and potentially 
contribute other elements to the aerosol burden [Harrison et al., 2012]. This is 
important for the source assessment of Zn and Cu as discussed below 
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4.3.2 Source identification of Pb using isotope ratios 
We observe that the Pb isotope ratios in PM10 are similar at both sites. This supports 
the conclusions taken from the concentration data that there is no direct influence of 
traffic on the airborne Pb in London. The Pb sources are either well homogenized or a 
single source in the urban atmospheric environment dominates. We note that the Pb 
isotope ratios determined in this study are similar to those determined during the years 
of 1995, 1998, and 1999 and partly overlap with years 1996, 2000, and 2001 [Monna 
et al., 1997; Noble et al., 2008]. Noble et al. (2008) showed that since leaded gasoline 
was banned in UK in 1998, the Pb isotope ratio in aerosols in London shifted to more 
radiogenic ratios during the years of 2000 and 2001 and stabilized thereafter. Our data 
confirms this ‘stabilisation’ process. In addition, the present study allows us to test in 
more detail potential importance of local sources contributing to the airborne Pb 
particles. As shown in Figure 4.1b, the Pb isotope ratio of the aerosols fall on a 
mixing line consisting of gasoline as one end member and fly ash, road dust, which 
contains remobilized Pb from leaded gasoline and other source deposits, brake, tyre, 
manhole cover, road paint and road surface wear off as the other end member. Some 
of the collected road dust and manhole cover have similar Pb isotope ratio like the 
PM10 at both sites and selected road paint and brake samples fall off the mixing line, 
ruling them out as major sources. We note the significant Pb isotope ratio variation in 
road paint and brake wear.
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(a) 
 
(b) 
 
Figure 4.1 (a) 206Pb/204Pb versus 208Pb/204Pb plot of PM10 aerosol measured in London since the 
phasing out of leaded gasoline. For the years 1998-2001 PM10 data are from Noble et al. (2008); for 
the year 1995 and 1996 PM10, gasoline and industrial emission data are from Monna et al. (1997); 
(b) 206Pb/204Pb versus 208Pb/204Pb plot of the measured PM10 samples and sources in this study. 
Gasoline and industrial emission data are from Monna et al. (1997)
Chapter 4 
 73
4.3.3 Testing the potential of Cu and Zn isotope ratios for source identification of PM10 
in the urban atmospheric environment 
The Cu and Zn isotope ratios of PM10 at the two sites and of the potential local 
sources are given in Table 4.5.  The  δ65Cu values range between +0.16±0.13‰ and 
+0.51±0.10‰ at the MR site and between -0.01±0.10‰ to +0.46±0.07‰ at the NK 
site. The  δ66Zn values range from between -0.14±0.04‰ and +0.33±0.04‰ and 
-0.21±0.14‰ and +0.26±0.12‰, respectively. The statistically significant variations 
of the isotope signatures between aerosol samples collected at different times during 
the sampling period suggest that the source contributions to the PM10 vary at different 
time periods in the week. The range of Cu and Zn isotope variations show no 
significant difference between the two sites and average isotope ratios are similar, 
suggesting that while significant higher Cu and Zn concentrations are found at the 
MR site, the sources and/or controlling processes must be the same. 
The assessed sources in this study (brakes, tyres, manhole cover, road paint, road 
surface, and road dust) have Cu isotope ratios variation ranging from between 
-0.36±0.14 and +0.71±0.09‰ and Zn isotope variation ranging from between 
-0.03±0.08 and +0.58±0.10‰ (Table 4.5). Among the non-combustion traffic sources 
(i.e., brake and tyre), except one sample (R30-1, δ65CuNIST976 = -0.36 ± 0.14‰), Cu 
isotope ratio varies between +0.17±0.10 (tyres) and +0.63±0.14‰ (brakes), but the Zn 
isotope ratio show similar signatures in the two sources (ranging between +0.15±0.07 
and +0.21±0.08‰). We find significant different isotope signatures within the 
different types of road furniture (i.e., manhole cover, road paint, and road surface) 
which suggests that the source materials and/or processes used during the 
manufacturing of the various products control the signature. Two out of the six road 
dust samples have a positive Cu isotope signature (+0.27±0.06 and +0.30±0.07 ‰ at  
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Isotopes 
δ65CuNIST976 2SD δ66ZnLyon 2SDSample Sample ID 1/[Cu] 1/[Zn]
‰ ‰ ‰ ‰ 
NK1 3.7E-03 4.0E-03 0.03  0.12 -0.04  0.14 
NK2 5.2E-03 8.7E-03 0.23  0.09 0.11  0.11 
NK3 3.3E-03 3.8E-03 0.46  0.07 -0.18  0.13 
NK4 6.8E-03 9.5E-03 0.41  0.08 0.13  0.10 
NK5 7.8E-03 1.0E-02 -0.01  0.10 0.21  0.06 
NK6 5.5E-03 < 0.06  0.09 0.53  0.08 
NK7 4.8E-03 5.4E-03 0.45  0.09 0.03  0.07 
NK8 4.1E-03 6.2E-03 0.21  0.10 -0.21  0.14 
NK9 4.8E-03 5.6E-03 0.39  0.11 0.21  0.12 
North 
Kensington 
PM10 
NK10 3.9E-03 4.8E-03 0.23  0.09 0.26  0.12 
MR1 2.9E-04 9.0E-04 0.51  0.10 0.32  0.08 
MR2 1.1E-03 3.5E-03 0.01  0.13 0.03  0.12 
MR3 1.4E-03 3.7E-03 0.45  0.12 0.11  0.10 
MR4 1.6E-03 4.5E-03 0.18  0.13 0.08  0.05 
MR5 1.2E-03 4.0E-03 0.46  0.10 0.07  0.04 
MR6 1.3E-03 3.9E-03 0.16  0.13 0.06  0.04 
MR7 3.0E-04 9.9E-04 0.40  0.13 0.33  0.04 
MR8 2.0E-03 4.8E-03 0.31  0.12 -0.14  0.04 
Marylebone 
Road   
PM10 
MR9 2.0E-03 4.9E-03 0.35  0.10 -0.02  0.10 
Table 4.5 The 1/[Cu], 1/[Zn], and Cu and Zn isotope ratios of London PM10 samples and potential 
sources analysed in this study. Each sample had been measured 4 or 5 times to calculate the 2SD. 
‘<’ means not determined. ‘-’ means not measured due to uncertain sample processing errors 
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Isotopes 
δ65CuNIST976 2SD δ66ZnLyon 2SDSample Sample ID 1/[Cu] 1/[Zn]
‰ ‰ ‰ ‰ 
FSB-1 1.6E-01 4.9E-02 0.62  0.13 0.15  0.07 
FSB-2 2.3E-01 6.0E-02 0.63  0.14 - - Brake 
HBP-1 4.0E-02 2.2E-02 0.28  0.10 0.20  0.02 
R30-1 1.3E-01 1.3E-04 -0.36  0.14 0.16  0.05 
R43/54-1 2.3E-02 1.2E-04 0.27  0.09 0.21  0.08 
R43/54-2 2.4E-02 7.5E-05 0.17  0.10 0.19  0.06 Tyre 
R56/57-1 3.8E-02 1.3E-04 0.33  0.12 0.21  0.08 
NKMHC-1 1.9E-02 2.7E-03 0.43  0.08 0.11  0.08 
NKMHC-2 5.1E-02 7.4E-03 0.55  0.10 0.15  0.04 
MRMHC-1 6.0E-03 1.9E-03 0.19  0.07 0.30  0.07 
Manhole 
cover 
MRMHC-2 1.1E-02 2.4E-03 -0.12  0.06 -0.02  0.09 
NKRD-1 1.4E-02 4.6E-03 -0.12  0.11 0.21  0.05 
NKRD-2 5.9E-02 1.2E-02 0.27  0.06 -0.03  0.08 
NKRD-3 4.0E-02 6.1E-03 0.30  0.07 0.23  0.03 
MRRD-1 1.2E-03 1.8E-03 -0.28  0.08 0.29  0.08 
MRRD-2 1.3E-02 2.9E-03 -0.07  0.09 0.25  0.06 
Road 
dust 
MRRD-3 7.1E-03 2.8E-03 -0.22  0.08 0.34  0.10 
NKRP-1 5.7E-01 2.3E-02 -0.18  0.14 0.07  0.02 
NKRP-2 < 2.1E-01 - - 0.38  0.07 
MRRP-1 2.4E-01 7.2E-02 0.56  0.14 0.44  0.07 
Road 
paint 
MRRP-2 3.9E-01 7.3E-02 0.35  0.10 0.58  0.10 
NKRS-1 1.4E-01 2.5E-02 0.71  0.09 0.01  0.09 Road 
surface NKRS-2 1.9E-01 2.9E-02  - - - - 
Table 4.5 continued 
Chapter 4 
 76
NK), and two have negative isotope signatures (-0.28±0.08 and -0.07±0.09 ‰). The 
Zn isotope ratios of the road dust samples range between +0.21±0.05 and 
+0.34±0.10‰ at both sites, except one sample with a δ66ZnLyon value of -0.03±0.08‰ 
found at MR. The variations in the Cu and Zn isotope ratios in the road dust samples 
between the two sites is potentially reflecting the accumulation of different sources at 
the two locations. 
Figure 4.2 shows plots of 1/[Cu] versus  δ65Cu and 1/[Zn] versus δ66Zn. Most of 
the sources have lower Cu concentrations than the PM10, but lie within the same range 
of isotope ratios. Brakes, tyres, road paint, and road surface are possible end members, 
but there must be either another source with higher Cu concentrations but similar 
isotope ratios or Cu is leached from the source materials. Waste material and soils 
collected around Cu smelters have been assessed before and δ65CuNIST976 values 
ranging between -0.12 ‰ to 0.36 ‰ and high concentrations were found in the 
analysed materials [Bigalke et al., 2010]. Such an industrial end member could well 
be the potential additional source. This is supported by the fact that the road dust at 
the MR site shows Cu concentration and isotope ratio similar to the PM10 at the site. 
Copper derived from high temperature industrial source can be deposited on the road 
and re-suspension is transferring the Cu into the atmospheric environment as 
suggested before [Amato et al., 2011].
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(a) 
 
(b) 
 
Figure 4.2 The mixing plots of (a) 1/[Cu] versus  δ65CuNIST976 and (b) 1/[Zn] versus δ66ZnLyon of 
PM10 aerosols and potential sources from the two studied sites
Chapter 4 
The 1/[Zn] versus δ66Zn plot (Figure 4.2b) shows that the PM10 of the two 
sampling sites largely overlap. With respect to the sources, road dust, manhole cover 
and tyres overlap on one end and brakes, road paint, and road surface on the other end. 
The mixing plot shows that a third end member with a δ66ZnLyon signature lower than 
-0.40 ‰ needs to be postulated to explain the observed pattern. High temperature 
processes such as Zn refining produce isotopically light Zn emissions (-0.67±0.10‰) 
[Mattielli et al., 2009], which suggest that industrial emissions are indeed important 
for the Zn content in the PM10. In summary, both isotope systems suggest that a 
significant industrial source is present for Cu and Zn and this idea is in line with the 
higher Ni and V concentrations found in the aerosols at both sites (see discussion 
above). 
 
4.4 Conclusions 
The aim of this study was to test the potential of stable metal isotopes (Cu, Pb and Zn) 
for tracing these metals in the urban atmospheric environment. PM10 and sources 
including road furniture (manhole cover, road paint, road surface, and road dust) and 
non-combustion traffic emissions (brake, tyres) were collected and analyzed for 
concentration, and isotope ratios. Copper and Zn concentrations were higher at the 
high traffic site, along with other elements commonly associated with traffic related 
sources including Fe, Sb, Ba and Cr. In contrast, Pb showed no significant difference 
between the two sites but was enriched relative to crustal values.  
The isotopic signatures of Cu and Zn were in line with traffic wear-off and 
re-suspended road dust (i.e., brake and tyre) as a major source of these contaminant 
metals in PM10. This supports previous suggestions with respect to Cu and Zn sources 
in the urban environment. However, we also find that additional mobilization 
78
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processes or sources need to be invoked to reconcile observed patterns in the mixing 
plots. We suggest that both copper and Zn are sustainably added by industrial 
emissions, a proposition in line with the enrichment of V and Ni in the PM10. 
This preliminary work suggesting that stable metal isotopes are a novel and 
powerful technique to improve source assessments for Cu, Zn and Pb in urban 
aerosols. Further work establishing in particular the extend and source of isotope 
fractionation observed in industrial emissions is warranted. 
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Abstract 
Copper (Cu) and zinc (Zn) play key roles in many biogeochemical processes and 
work to date suggests that the stable isotope systems of these metals improve our 
understanding of their fate and sources. To date, one of the major gaps in our 
knowledge concerns the Cu and Zn isotopic composition of major atmospheric dust 
sources. Mineral dust is the major source of nutrient trace elements to the remote open 
ocean and the knowledge of its isotopic composition can shed light on ocean 
biogeochemical processes. 
Here we present the first in depth assessment of the Cu and Zn isotope 
systematics of the major dust sources of China and India. We examine possible 
controls on isotopic compositions, such as mineralogy and size fractions, and discuss 
the implications for marine studies. Important Cu and Zn isotopic variations can be 
observed between bulk samples of the major Chinese deserts (Taklimakan, Badain 
Juran, Tengger, and Gobi, CD), Chinese Loess Plateau (CLP), and the Indian Thar 
Desert (ID) (all errors throughout this chapter given in 2SD): δ65CuNIST976= 
0.08±0.12‰ (n=12) and δ66ZnLyon= 0.22±0.21‰ (n=12) for CD; δ65CuNIST976= 
0.25±0.19‰ (n=14) and δ66ZnLyon= 0.39±0.20‰ (n=17) for CLP; and δ65CuNIST976= 
0.48±0.12‰ (n=4) and δ66ZnLyon= 0.49±0.22‰ (n=5) for ID. We find a significant 
linear relationship between the Cu isotope ratio and the quartz and illite mineral 
content of the dust. Significant variations in δ65CuNIST976 and δ66ZnLyon are found 
between the different size fractions, with variations in the Chinese deserts reaching 
0.97 ‰ for Cu (Tengger Desert) and 0.35 ‰ for Zn (Taklimakan Desert). Mass 
balance considerations suggest that bulk samples faithfully represent the smallest <4 
μm dust fraction, which is predominantly transported over long distances in the 
atmosphere. We finally constrain the isotopic signature of Chinese dust transported to 
the Pacific Ocean, with average values of δ65CuNIST976 = 0.16±0.24‰ and δ66ZnLyon = 
0.31±0.26‰. A dust sample collected in Beijing during a dust event (March 2010), 
originating from the Gobi Desert, measured a value for δ66ZnLyon of -0.33±0.04‰, 
suggesting that anthropogenic emissions have the potential to alter the isotopic 
signature of the Zn eventually deposited in the remote ocean environment. In light of 
these measurements, we finally re-assess previously reported Zn isotope 
measurements in the North Pacific Ocean.
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5.1 Introduction 
The development of multi-collector Inductively Coupled plasma Mass Spectrometry 
(MC-ICP-MS) has allowed the study of non-traditional isotope systems such as 
copper (Cu) and zinc (Zn). These can be applied to study the (bio-)geochemistry of 
Cu and Zn in various Earth System processes, such as nutrient cycling in aqueous 
systems [Bermin et al., 2006; Gélabert et al., 2006; Maréchal et al., 2000; Peel et al., 
2009; Rouxel et al., 2001; Vance, 2006; Vance et al., 2008], atmospheric pollution 
[Gioia et al., 2008b], ore formation [Kelley et al., 2009; Kimball et al., 2009; Markl et 
al., 2006] or nutrient uptake in plants [Arnold et al., 2009; Arnold et al., 2010a; 
Mathur et al., 2005; Navarrete et al., 2011].  
Despite the key role that dust plays in the various geochemical problems 
addressed using Zn and Cu stable isotopes, the isotope systematic of the major global 
dust source areas has not yet been assessed. For example, Asian dust plays a 
particularly important role in the fertilization of the remote marine environment of the 
Pacific Ocean [Asahara et al., 1999; Jones et al., 2000], and Zn and Cu isotopes have 
been used to study the marine geochemical cycles of these elements in that region 
[Bermin et al., 2006].  
Natural dust transported in the atmosphere contains variable amounts of quartz, 
feldspars, micas (e.g. muscovite), clay minerals (e.g. illite and kaolinite), carbonates 
(e.g. calcite and dolomite), oxides (e.g. hematite and magnetite) and evaporite 
minerals (e.g. halite and gypsum) [Engelbrecht and Derbyshire, 2010]. Previous 
studies have shown that Cu and Zn isotopes are significantly fractionated between 
different minerals. For example, δ65CuNIST976 values between -2.92 ‰ and 2.41 ‰ 
were found in primary and secondary Cu minerals in a ore deposit in Germany [Markl 
et al., 2006]. Similarly, δ66ZnLyon values between -0.39 ‰ and 1.20 ‰ among granites 
and hornfels were found in ore bearing granites in Siberia [Dolgopolova et al., 2006]. 
Sphalerite samples formed over a range of different precipitation conditions in the 
Irish Midlands showed δ66ZnLyon ranging between -0.17 ‰ and 1.33‰ [Wilkinson et 
al., 2005].  
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Long range transport of dust particles include particles from <5 μm in diameters 
found in Greenland ice core [Steffensen, 1997] and <16 μm in diameters collected 
over China and Japan [Sun et al., 2007; Zhang et al., 2003]. Therefore it is important 
to test if isotopic variations within the different size fraction of dust in the source 
region occur and if these are relevant compared to bulk analysis. Previous studies 
showed indeed that major and trace element composition as well as isotope ratios of 
various radiogenic elements like Pb, Sr and Nd vary of different size fraction Asian 
desert dust [Honda et al., 2004; Xiong et al., 2010], and in particular in Chinese Loess 
[Feng et al., 2009; Feng et al., 2010].  
Of particular interest in the application of the stable isotope systems of Cu and Zn 
to the study of biogeochemical cycles in the marine environment, as Cu is toxic to 
plankton and Zn is a trace element limiting biological productivity. The isotopic 
signature of Cu and Zn in atmospheric dust – an important source of Cu and Zn in the 
open ocean - has not been studied and characterized [Archer and Vance, 2004; Bermin 
et al., 2006; Vance et al., 2008]. Previous studies showed that the North East Pacific 
Ocean (NEPO) surface waters have δ65CuNIST976 and δ66ZnLyon values ranging between 
0.90 ‰ and 1.25 ‰ [Bermin et al., 2006; Vance et al., 2008] and between 0.02 ‰ and 
0.15 ‰ [Bermin et al., 2006] respectively. However, the δ65CuNIST976 and δ66ZnLyon 
signature of the dust source regions relevant for the NEPO (i.e. Chinese deserts and 
Chinese Loess Plateau) themselves has not yet been studied and present estimates are 
estimated by averaging the available data of natural sources (e.g. silicate rocks and 
sediments), giving average δ65CuNIST976 signatures of  0.16±0.16 ‰ [Vance et al., 
2008] and δ66ZnLyon ranging between 0.2 ‰ and 0.4 ‰ [Andersen et al., 2011]. If 
these estimations are correct, then the interpretation of the observed isotopic signature 
of the surface waters using only biological uptake is problematic. 
In the present study, we characterize the Cu and Zn isotope systematics of 
samples collected from the major Asian dust source regions and passing through 
Beijing. We assess possible controls of observed isotopic variations and use the 
improved constraints of the Zn and Cu to reassess the interpretations of observed 
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isotopic variations in the NEPO surface waters. To achieve this aim, we i) determine 
the geographical variations in the isotopic composition of the major Asian dust 
sources: Chinese deserts (CD), Chinese Loess Plateau (CLP), and Indian Thar Desert 
(ID); ii) assess potential relationships between isotope ratios, mineral phase content, 
and size fraction; iii) characterize the Zn isotope fractionation during dust 
transportation in northern China from the Gobi Desert to Beijing; and iv) address the 
implications for marine environment studies with Zn isotopes in the NEPO. 
 
5.2 Material and Methods 
5.2.1 Sample description 
Figure 1 shows the location of the major Asian dust sources that have been analysed 
in this study. These include surface samples from Thar Desert of India (ID-2 and 
ID-3), the Taklimakan (CDS-74 and CDS-03), Badain Juran (CDS-24), Tengger 
(CDS-18) and the Gobi Deserts (MG-09022) of China and the Chinese Loess Plateau 
(JY-1, CLS-25, CLS-27, CLS-29, CLS-90, and CLS-20). These dust sources were 
selected because of their important contributions to the global biogeochemical cycles 
of Cu and Zn [Guieu and Thomas, 1996; Hyeong et al., 2005; Merrill et al., 1994; 
Pettke et al., 2000; Prospero et al., 2002; Yadav and Rajamani, 2004; Zhang et al., 
2003]. The Chinese deserts samples were separated into five size fractions (<4 μm, 
4-16 μm, 16-32 μm, 32-63 μm and >63 μm) by wet sieving (32-63 μm and >63 μm) 
using the settling method at the State Key Laboratory of Loess and Quaternary 
Geology, Chinese Academy of Sciences, China. A dry deposit dust sample originating 
from the Gobi Desert was collected during a dust event in March 2010 in Beijing. 
This sample was also analyzed in order to test the potential effects of the passage of 
dust through a major pollution centres across northern China on the isotopic signature 
of the atmospheric dust transported towards the Pacific Ocean [Li et al., 2011].   
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Figure 5.1 Diagram of the region of samples used in this study 
 
 
5.2.2 Copper and Zn concentration and isotope ratio analysis 
5.2.2.1 Sample preparation 
Sample preparation was undertaken in class 10 laminar flow hoods. All acids used in 
this study were of supra-pure grade (HF, 40% Suprapur®, Merck, Germany)) or 
purified by quartz distillation system (HNO3 and HCl). Dilute solutions of acids were 
prepared with 18.2 MΩ·cm grade Millipore system (Bedford, MA, USA). All 
laboratory ware was cleaned in three steps with 3 M HCl, 7 M HNO3 and 0.5 M 
HNO3 on a hot plate at 120 ºC for 24 h each stage. Approximately 50 mg of sample 
was weighed into 14.7 ml screw top PFA vessels (Savillex, MN, USA). One milliliter 
of conc. HF and 0.25 ml of conc. HNO3 were added to each sample and the vessels 
were placed on a hot plate at 150 °C for 72 hours. Every 24 hours, the samples were 
placed into an ultrasonic bath for 15 min. The samples were dried and re-dissolved 
twice in 0.5 ml conc. HNO3 and once in 0.5 ml 7 M HCl, to remove possible HF 
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remaining in the digested samples. Samples were finally taken up in 3 ml 7 M HCl, 
and separated into three 1ml aliquots for (1) concentration analysis, (2) Cu and Zn 
isotope measurement and (3) archive. 
 
5.2.2.2 Concentration analysis  
Copper and Zn concentration were measured using inductively coupled plasma mass 
spectrometry (ICP-MS, Varian, CA, USA). 1 ml of each sample was dried and 
re-dissolved in 10 ml 3 M HNO3 with 100 ng ml-1 Rh and 100 ng ml-1 In spiked as 
internal standards. The experimental procedural blank before Cu and Zn separation 
was approximately 0.2 ng for Cu and approximately 1 ng for Zn. Accuracy and 
precision of the measurement was based on repeat measurements of the certified 
reference material USGS G-2 granite digested and measured with the samples. The 
repeat measurements of G-2 (n=6) shown the precision errors at the 2σ-level was 10 
%, and Cu and Zn concentration approximately 6 % lower then certified values. 
 
5.2.2.3 Copper and Zn isotope measurement by MC-ICP-MS 
The Cu and Zn in the digests were first separated from other elements using ion 
exchange chromatography to avoid spectral and non spectral interferences during the 
measurements. Solutions were then measured with a Nu Plasma (Nu Instruments 
Limited, UK) MC-ICP-MS. The details of Cu and Zn isotope ratio measurement 
procedure, the mass bias correction methods and notation are described in Chapter 2. 
The details of the ion exchange method and measurement protocols are described in 
Chapter 3.  
The total procedural blank for Cu and Zn was approximately 3.5 ng and 5 ng 
respectively. The accuracy and precision of the procedure were monitored by repeated 
measurements of the geological standard BCR-027 Blend Ore [Caldelas et al., 2011; 
Chapman et al., 2006] and results are shown in Table 5.1. The precision of the 
isotopic measurements was estimated using the average analytical error of the dust 
samples and was typically 0.10 ‰ for Cu and 0.07 ‰ for Zn (averaging the 2SD 
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values of all the dust samples measured). 
The isotope ratios of the five size fraction from the Chinese desert samples were 
used to calculate the isotope ratio of the “bulk” samples (CDS-74, CDS-03, CDS-24, 
and CDS-18) using mass balance calculation and estimating the concentration of the 
missing 4-16 and 32-63 μm size fraction samples using measured maximum and 
minimum concentration of the other size fractions. The results show that the Cu and 
Zn isotope ratio of the four “bulk” Chinese desert samples are within the analytical 
error of the <4 μm size fraction samples. 
 
5.2.3 Mineral analysis 
Mineral compositions of the dust samples were determined using X-ray diffraction. 
The dust samples were ground in an agate mortar and loaded into a circular well 
mount of 5 or 15 mm diameter with a depth of 1 mm. X-ray powder diffraction data 
were collected using an Enraf-Nonius PDS120 diffractometer equipped with a 
primary Germanium (111) mono-chromator and an INEL 120º curved position 
sensitive detector (PSD). Operating conditions for the Cu source were 40 kV and 35 
mA. The horizontal slit after the mono-chromator was set to 0.24 mm to confine the 
incident beam to pure Cu Ka1 radiation. Depending on the size of the sample holder, 
the vertical slit was set to 1.5 mm for the 5 mm well mount or 4 mm for the 15 mm 
well mount. The samples were measured in flat-plate asymmetric reflection geometry 
with a constant tilting angle between incident beam and sample surface at 3.5º. The 
sample was rotated during the measurements to improve particle-counting statistics. 
The angular linearity of the PSD was calibrated using the external standards silver 
behenate and silicon (NIST SRM 640). The full 2-Theta linearization of the PSD was 
performed with a least-squares cubic spline function.  
The whole-pattern stripping method described in detail elsewhere [Cressey and 
Schofield, 1996] was used to derive the phase proportions. The quantification method 
required external mineral standards of all identified minerals in the dust samples. 
Appropriate standards were selected from reference materials of the mineral 
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collection at the Natural History Museum, London and analysed under identical run 
conditions as the samples. In some samples, total mineral composition was below 100 
wt% and no unassigned peaks were observed. This indicated the presence of 
amorphous components, which could be derived by difference in mineral structure 
proportion. To assess quantification errors, best-fit scale factors were varied to some 
extent while inspecting the influence on the residual background. The estimated 
relative error for the mineral assemblages was 5 % for phase proportions above10 wt 
% and 10 % for phase proportions below. 
 
5.3 Results and discussion 
5.3.1 Concentration and isotope ratio of Cu and Zn of the major dust sources 
The concentration and isotope ratios of Cu and Zn in all measured samples are shown 
in Table 5.1. The Cu concentrations are lowest in the Thar Desert (10.3-12.4 μg/g) 
and highest in the Chinese deserts (54.0-77.5 μg/g). This is also true for the Zn 
concentration, where the Zn concentration of the Thar Desert is 35.4-39.3μg/g, and 
except for the Gobi Desert (91.3μg/g), Chinese deserts have Zn concentration ranging 
from 280.9 μg/g to 389.2 μg/g. The δ65CuNIST976 and δ66ZnLyon value of CD 
(δ65CuNIST976= 0.08±0.12‰, n=12; δ66ZnLyon= 0.22±0.21‰, n=12) and CLP samples 
(δ65CuNIST976= 0.25±0.19‰, n=14; δ66ZnLyon= 0.39±0.20‰, n=17) have a similar 
range, but the mean values of the CD are lighter. The Thar Desert (δ65CuNIST976= 
0.48±0.12‰, n=4; δ66ZnLyon= 0.49±0.22‰, n=5) displays heavier Cu isotope 
signatures than CD and CLP, but similar Zn isotope signatures. Figure 5.2 shows that 
CD and CLP have similar isotope signatures for Cu and Zn, and the Cu isotope 
signature of ID is significantly heavier than CD and CLP. The Zn isotope overlaps 
among the three dust areas ranging between 0.30 ‰ and 0.60 ‰. This suggests that it 
is not feasible to distinguish the major natural dust sources in Asian by using Cu and 
Zn isotope signatures and precludes of using these isotope systems for source tracing. 
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Figure 5.2 δ66ZnLyon vs. δ65CuNIST976 plot of Chinese deserts, Chinese loess, and Indian desert 
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Concentration Cu isotope ratio Zn isotope ratio 
Country  Location Sample ID [Cu] 
(ug/g) 
[Zn] 
(ug/g) δ65CuNIST976 2SD δ66ZnLyon 2SD
ID-2 12.4  39.3  0.44  0.02  0.57  0.15 
ID-3 10.3  35.4  0.52  0.19  0.41  0.06 India Thar Desert 
Average   0.48  0.12  0.49  0.22 
CDS-74 67.7  389.2 0.03  0.12  0.23  0.05 
CDS-03 77.5  320.9 0.20  0.16  0.28  0.08 Taklimakan Desert 
Average   0.12  0.24  0.25  0.07 
Tengger Desert CDS-18 55.7  280.9 0.25  0.10  0.46  0.06 
Badain Juran 
Desert CDS-24 54.0  287.3 0.17  0.14  0.19  0.09 
Gobi Desert MG-09022 69.3  91.3  0.15  0.11  0.33  0.09 
Jingyuan, Gansu JY-1 16.2  72.7  0.16  0.10  0.46  0.03 
CLS-25 24.2  66.8  0.38  0.09  0.24  0.09 
CLS-27 28.7  79.7  0.31  0.10  0.35  0.08 
CLS-29 28.9  79.6  0.16  0.11  0.32  0.08 
CLS-90 32.5  90.5  - - 0.47  0.07 
CLS-20 25.2  65.5  0.23  0.09  0.49  0.07 
Loess plateau 
Average   0.27  0.19  0.41  0.21 
China 
Beijing BJ324 24.6  70.2  0.29  0.19  -0.36  0.04 
  BCR027a   0.36 0.10  0.29  0.08 
  BCR027b   - - 0.34  0.08 
    BCR027c     0.52 0.15  0.33  0.07 
Table 5.1 The Cu and Zn concentration and isotope composition of the Indian desert, Chinese deserts, 
Chinese loess, and dust deposit samples collected in Beijing. The Zn and Cu isotope ratio of the quality 
control sample Blend Ore BCR027 is shown and compared with literature data. 2SD values of the isotope 
ratios were calculated from 3 or 4 times repeat measurement of each sample. a) this study; b) Caldelas et al., 
2010; c) Chapman et al., 2006. ‘-’ means that data is not available
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5.3.2 Mineral composition of the major dust sources 
The mineral compositions of the Asian dust samples are shown in Table 5.2. Chinese 
deserts and CPL samples all contain quartz, illite, muscovite, calcite, chlorite and 
albite. Three wt% of actinolite is present in CLS-25 and CLS-27, and 8 wt% of 
dolomite in CLS-20. The Thar Desert samples contain all eight minerals mentioned. 
We find quartz (~30 wt%), illite (~20 wt%) and ~10 wt% of calcite, muscovite, and 
albite in both ID samples. The major mineral phases in the CLP samples are illite 
(31-50 wt%), quartz (14-20 wt%), calcite (9-22 wt%), and muscovite (6-13 wt%). The 
<4μm size fraction of CD samples mainly contains illite (51-55 wt%), muscovite 
(13-22 wt%), calcite (8-21 wt%), and chlorite (8-21 wt%), and there is less than 6 
wt% of quartz and 5 wt% of albite. The Gobi desert has similar mineral compositions 
as CLP dust. 
 Five size fractions (<4 μm, 4-16 μm, 16-32 μm, 32-63 μm, and >63 μm) of one 
sample from the Taklimakan desert (CDS-03) were analyzed to test possible 
mineralogical variations within the size fractions. The quartz phase increased from 5 
to 31 wt%, albite phase increased from 5 to 21 wt%, and illite decreased from 55 to 
18 wt% in the size fractions <4 μm compared to the >63 μm fraction. The chlorite 
(8-15 wt%), calcite (8-13 wt%), and muscovite (6-16 wt%) phases were similar 
among the five different size fractions. There is no dolomite phase present in any <4 
μm size fraction samples, but 2 to 4 wt% of dolomite were present in the other four 
size fractions. 
Statistical tests were carried out to test the correlation between the Cu and Zn 
isotope ratios and the mineral content. The only significant correlation found is 
between δ65Cu and illite (R=-0.87, n=12, p=0.01) content. This is likely because Cu 
accumulates in clay minerals such as illite. The isotopic lighter signature of Cu in 
illite could be because clay minerals are formed from leaching of primary minerals in 
the source regions and that weathering of primary minerals releases the isotopic 
lighter isotopes, as has been well documented for Cu and Zn [Maher and Larson, 2005; 
2007; Mason et al., 2005].  No correlation was observed between δ65Cu values of the 
different size fractions samples and their mineral compositions.  
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In contrast to Cu, the Zn isotope variation is not controlled by any mineral phase 
composition. One potential reason could be that the Zn found in the dust samples is 
not concentrated in the mineral phases but has rather been liberated from the mineral 
structures and adsorbed or bounded on other minerals, which would lead to the 
observed homogeneity. It had been shown previously that adsorption of Zn on 
goethite, haematite, birnessite, pyrolusite, corundum and gibbsite minerals could lead 
to isotope fractionation [Pokrovsky et al., 2005]. However, there is no observed 
correlation between the isotopic offset and the chemical nature of the solid phase, zinc 
surface adsorption constants and first-neighbour distances of mineral surface 
complexes [Pokrovsky et al., 2005]. In this study, the δ66ZnLyon value did not show a 
correlation with the mineral content at the p=0.01 level, which further suggests that 
Zn isotope variations have a more complicated explanation that requires further study.  
 
5.3.3 Concentration and isotope ratio as a function of dust size distribution 
Previous studies have revealed significant isotope and concentration variation of Sr, 
Nd, and Pb isotopes in the various size fractions of natural dust [Chen et al., 2007; 
Grousset and Biscaye, 2005]. This suggests the potential of significant Cu and Zn 
isotope variations among size fractions of the natural dust sources.  
The Cu and Zn concentration and isotope ratios of five different size fractions of 
four CD samples are given in Table 5.3. The Cu and Zn concentrations of the <4 μm, 
16-32 μm, and >63 μm size fraction were analysed. The Tengger (CDS-18) and 
Badain Juran Deserts (CDS-24) show a decrease in Cu concentration from the 
smallest (<4μm) to the largest (>63 μm) fraction and the two samples from 
Taklimakan Desert (CDS-74 and CDS-03) show the lowest Cu concentration in the 
second largest size fraction (16-32 μm) that is analysed. The Zn concentration 
displays a negative correlation with size fraction, from 206 -271 μg Zn/g in <4μm 
fraction to 41 - 84 μg Zn/g in the >63 μm fraction. 
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Concentration Cu isotope ratio Zn isotope ratio 
Location Sample ID 
Size 
Fraction [Cu] 
(ug/g)
[Zn] 
(ug/g) δ65CuNIST976 2SD δ66ZnLyon 2SD 
Size  
distribution 
(%) 
<4um 56.0 254.1 0.25  0.10 0.46  0.06 21.07  
4-16um - - -0.54  0.11 0.23  0.06 27.93  
16-32um 23.1 218.9 -0.06  0.09 0.21  0.07 14.89  
32-63um - - 0.08  0.10 0.27  0.08 13.41  
Tengger 
Desert CDS-18 
>63um 10.9 43.4 0.43  0.09 0.28  0.06 22.70  
<4um 52.2 206.0 0.17  0.14 0.19  0.09 29.46  
4-16um - - -0.31  0.12 0.07  0.05 32.81  
16-32um 28.3 214.1 0.15  0.10 -0.06  0.06 12.70  
32-63um - - 0.38  0.08 -0.07  0.09 6.77  
Badain 
Juran 
Desert 
CDS-24 
>63um 19.6 73.2 0.39  0.10 -0.01  0.07 18.26  
<4um 67.7 389.2 0.03  0.12 0.23  0.05 39.50  
4-16um - - -0.02  0.08 0.14  0.08 40.91  
16-32um 26.9 183.7 0.20  0.09 0.08  0.08 10.98  
32-63um - - -0.12  0.11 0.17  0.09 4.07  
Taklimakan 
Desert CDS-74 
>63um 85.6 41.5 0.37  0.10 0.38  0.06 4.53  
<4um 77.5 320.9 0.20  0.16 0.28  0.08 18.79  
4-16um - - 0.31  0.10 0.14  0.04 32.47  
16-32um 20.7 147.0 0.06  0.12 0.13  0.05 24.56  
32-63um - - -0.06  0.09 0.35  0.07 14.85  
Taklimakan 
Desert CDS-03 
>63um 26.6 84.1 -0.07  0.09 0.48  0.06 9.33  
Table 5.3 Size distribution Cu and Zn concentration and isotope ratio of Chinese desert surface samples, 
namely Taklimakan Desert, Tengger Desert, and Badain Juran Desert. ‘-’ means that data is not available 
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Figure 5.3 Size dependent Zn and Cu isotope variation of Chinese desert surface samples (CDS-18, 
CDS-24, CDS-74, and CDS-03) 
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The Cu and Zn isotope ratios were analyzed in all five size fractions. There is no 
visible trend between the δ65Cu values and the different size fractions. The Tengger 
(CDS-18) and Badain Juran Desert (CDS-24) samples show a significant decrease in 
δ65Cu from the <4 μm to the 4-16 μm fractions, followed by an increase from 
-0.54±0.11‰ (CDS-18) and -0.31±0.12‰ (CDS-24) to 0.43±0.09‰ (CDS-18) and 
0.39±0.10‰ (CDS-24) in the coarsest >63 μm fraction. The two samples from the 
Taklimakan Desert (CDS-74 and CDS-03) show a different pattern. The <4μm and 
4-16 μm size fractions have similar δ65Cu values for the CDS-74 sample and display a 
general increase with increasing grain size (except for the 32-63 μm fraction with a 
lower δ65CuNIST976 of -0.12±0.11‰). The δ66ZnLyon values of all four sample sets show 
a similar pattern, with values decreasing from the <4μm to the 16-32 μm size fraction 
and subsequently increasing from the 16-32 μm to the >63 μm size fraction.  
The δ65Cu and δ66Zn values of the different size fractions of the Chinese desert 
samples vary by up to 0.97 ‰ and 0.35 ‰, respectively. Among the four Chinese 
desert samples, the ≤16 μm size fraction constitutes more than 49 % of total sample, 
up to 80 % total sample in CDS-74. The isotope ratios of the five size fractions from 
the Chinese desert samples were used to calculate the isotope ratio of the “bulk” 
samples (CDS-74, CDS-03, CDS-24, and CDS-18) using mass balance considerations. 
The mass balance calculation follows the equation below: 
 
∑
∑
×
××=
ii
iii
Bulk fC
fC A
A
δδ     (1) 
 
, where δABulk is the calculated δ65Cu or δ66Zn value of the Taklimakan Desert ‘bulk’ 
samples; δAi is the δ65Cu or δ66Zn value of the five different size fraction samples 
(<4μm, 4-16 μm, 16-32 μm, 32-63 μm, >63 μm); Ci is the Cu or Zn concentration of 
the five size fraction samples; and fi is the fraction of the particulate size. The 
calculations were conducted assuming Cu and Zn concentrations for the missing two 
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fractions using maximum and minimum value of the three measured fractions (see 
Table 5.3). The results suggest that for all except one sample, Cu and Zn isotope ratios 
of the “bulk” samples are within the analytical error of the <4 μm samples. These 
calculations support that using bulk dust sample to characterize Zn and Cu in the air 
borne dust should be acceptable. 
 
5.3.4 Comparing the isotope signatures of Asian dust and North Eastern Pacific Ocean 
surface waters and their possible implications   
The data presented in this study can serve to improve our understanding of the 
processes leading to isotopic fractionation of Cu and Zn during its global 
biogeochemical cycling, in particular with respect to the transport of Cu and Zn from 
the Asian continent to the North Eastern Pacific Ocean (NEPO). In previous studies, 
Vance et al. (2008) and Bermin et al. (2006) suggested that the Cu and Zn isotope 
signatures of NEPO surface waters are significantly different from that of airborne 
dust. The latter signature, in absence of real data, had to be estimated based on 
published crustal values for δ65CuNIST976 (0.16±0.16 ‰) [Vance et al., 2008] and for 
δ66ZnLyon (from 0.20 ‰ to 0.40 ‰) [Bermin et al., 2006]. This isotopic difference had 
been explained by particulate interferences in the ocean photic zone for Cu [Vance et 
al., 2008] and uptake by phytoplankton for Zn [Andersen et al., 2011; Bermin et al., 
2006]. The CD and CLP samples measured in this study suggest that the natural 
mineral dust of China reaching the Pacific Ocean can be characterized with 
δ65CuNIST976 = 0.16±0.24‰ and δ66ZnLyon = 0.31±0.26‰ and therefore validate the 
assumptions made by Vance and co workers.  
The ‘true’ isotopic composition of the dust sources reaching the NEPO measured 
in this work can help re-assess the observed isotopic patterns by Bermin et al. (2006). 
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As mentioned above, the observed isotopic ratios of Zn and Cu alike have been 
previously assigned to biological fractionation leading to the uptake of the isotopically 
light Zn and Cu by the phytoplankton, thus leaving more of the heavier isotopes 
dissolved. 
However, the operation of this process and the isotopic composition of the source 
materials (Asian dust) measured in this work cannot be reconciled with the Zn and Cu 
isotopic values of the surface waters. Indeed, the isotopic composition of the dust 
source materials (Asian dust) is isotopically heavier than that of the measured surface 
water ratios, when it would need to be lighter to explain the measured surface isotope 
ratios. 
Biological uptake is uni-directional and the uptake can therefore be modelled 
using a Rayleigh equation:  
  (1000 + δ iE)/(1000 + δ iEi ) = f (α B−A −1)    (2) 
 
where δiE is the δ66Zn value in seawater after a certain fraction is taken up, δiEi is the 
initial δ66Zn signature of the dissolved Zn in the seawater, (i.e., given by the dust 
signature determined in this study of 0.31±0.26‰), αB–A is the fractionation factor 
between the two phases (i.e., −0.2‰) [John et al., 2007b] and f is the fraction of 
dissolved Zn in the seawater phase. We do not have any fractionation factor for the 
transfer of Cu from seawater to plankton but John et al. (2007) reported that, under Zn 
deprived conditions, the oceanic diatom cells take up lighter Zn isotopes using 
high-affinity transport pathways with a fractionation factor of Δ66Zndiatom-media ~ 
−0.2‰. 
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Figure 5.4 Modelling the effect of microorganism uptake on the Zn isotope fractionation in surface 
seawater. Applying the Zn isotope signature of -0.36 ‰ from the dust deposit in Beijing into the 
Rayleigh equation, showing when approximately 90% of Zn is taken up by microorganisms, the 
δ66ZnLyon value can match the measured the NEPO surface water δ66ZnLyon value 
 
If we assume that the dissolved Zn before uptake can be represented by the 
signature of the measured Asian dust and there is no measureable fractionation during 
the dissolution process, then the value of seawater needs to be heavier than the dust 
source signature, as mentioned above. The measured δ66ZnLyon value of surface 
seawater ranges between 0.02 ‰ and 0.15 ‰ [Bermin et al., 2006], which suggests 
that the dust initially deposited in the surface water should have a δ66ZnLyon value 
lower than this. We suggest two possible scenarios to account for this inconsistency: 
either there has been significant isotope fractionation during the dust transportation or 
the measured dust does not reflect the ‘true’ input source coming from the continent. 
To test this idea, we analysed a dry deposit dust sample collected during a dust event 
in March 2010 in Beijing. This dust sample originated from the Gobi Desert [Li et al., 
2011]. We found a δ66ZnLyon isotopic signature of -0.36±0.04 ‰, significantly lower 
than that of the Gobi Desert Zn isotope signature (0.33±0.09 ‰). A potential 
explanation of this light isotope signature is that the Zn measured in Beijing is derived 
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from anthropogenic activities. Indeed, previous work characterizing the Zn isotope 
signature of particulate matter in Sao Paulo [Gioia et al., 2008] and around smelters in 
France [Mattielli et al., 2009] showed isotopic light Zn emitted to the atmosphere – in 
line with the signature observed in this work. Applying this ‘new’ isotopic value as the 
δ66ZnLyon signature of the atmospheric input and modelling the isotopic fractionation 
(see Figure 5.4), we find that the uptake of approximately 90% of the Zn would 
explain the observed isotopic values in the seawater. We note that the Zn in the dust 
collected in Beijing is slightly enriched (by enrichment factor calculation that is not 
shown) relative to the Gobi desert, potentially supporting the possibility of important 
effects of anthropogenic emission on the Zn isotope signature of marine environment. 
 
5.5 Conclusions 
The Zn and Cu isotopic composition of dust collected from the major Asian source 
regions and during a storm event in Beijing was analyzed. The aim was to 
characterize the variability of Zn and Cu isotopes of source areas relevant for 
atmospheric particulates in that region and to assess the major controls on these 
signatures. The conclusions are: 
1. We find significant Cu and Zn isotopic variations between bulk samples of the 
major Chinese deserts (Taklimakan, Badain Juran, Tengger, and Gobi, CD), 
Chinese Loess Plateau (CLP) and the Indian Thar Desert (ID) (errors given in 
2SD). The isotopic signatures of these sources are:  δ65CuNIST976 = 0.08 ± 
0.12‰ (n=12) and δ66ZnLyon = 0.22 ± 0.21‰ (n=12) for CD; δ65CuNIST976= 
0.25 ± 0.19‰ (n=14) and δ66ZnLyon = 0.39 ± 0.20‰ (n=17) for CLP; and 
δ65CuNIST976= 0.48 ± 0.12‰ (n=4) and δ66ZnLyon= 0.49 ± 0.22‰ (n=5) for ID.   
2. We observe a significant linear relationship between the Cu isotopic ratio and 
illite mineral content at the 99 % significance level, suggesting that illite 
mineral is a major determinant of the Cu isotopic composition of dust. 
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3. We find significant variations for δ65Cu and δ66Zn between the different 
particle size fractions in the Chinese desert dust samples, as large as 0.97 ‰ 
(Tengger Desert) for Cu isotope and 0.35 ‰ (Taklimakan Desert) for Zn 
isotopes. Mass balance considerations, however, suggests that using the 
signature of the bulk sample faithfully represents the smallest <4 μm fraction 
sample, the dust fraction dominating the long-range transport of Zn and Cu in 
the atmosphere during biogeochemical cycles.  
4. We constrain the isotopic signature of Chinese dust transported to the Pacific 
Ocean and suggest average values for δ65CuNIST976 and δ66ZnLyon of 0.16±0.24 
‰ and 0.31±0.26‰ respectively, in line with previously assumed values for 
this region. A dry deposit dust sample collected in Beijing during a dust event, 
originating from the Gobi Desert, showed a δ66ZnLyon value -0.33 ± 0.04 ‰. 
This suggests that the isotopic signature of the atmospheric particles can be 
changed during their passage in the atmosphere, especially when transported 
above regions with strong anthropogenic emissions. Using the isotopic 
signature of dust over Beijing, we are able to reconcile observed Zn isotope 
signatures in the NEPO region with a possible biological uptake mechanism. 
We propose that anthropogenic emissions could change the isotopic signature 
of the Zn finally deposited in the remote ocean environment. 
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Abstract 
Zinc plays an important role in the biogeochemistry of natural systems and a range of 
processes lead to significant fractionation of its isotopes. This study focuses on Zn 
dissolution of dust and subsequent isotope fractionation during atmospheric 
transportation under acidic conditions. Two different mineral acids (HNO3 and HCl) 
and deionised water at different pH were used to simulate conditions prevalent in 
atmospheric environments. Batch leaching experiments were setup for 144 hours 
using Sahel soil dust to simulate the transport time of dust in the atmosphere. 
Zinc solubility in mineral acids at pH=2 was approximately five times higher 
than in deionised water, and Zn solubility was approximately twice as high in HCl 
than HNO3. A kinetic model for the Zn solubility in all three leaching solutions was 
developed and it was in good agreement with the experimental data. 
Significant Zn isotope fractionation was observed during the leaching of the dust 
in all three solutions. The δ66ZnLyon value in the pH 2 HNO3 and HCl solutions and the 
pH 5.3 deionised solution were 2.86±0.06‰, 2.18±0.09‰, and 1.50±0.02‰ 
respectively, after 144 hours of leaching. This suggests that the dust remaining after 
the leaching is isotopically lighter than the original source material (calculated Zn 
isotope values range between 0.01 ‰ and 0.14 ‰) and the dissolved Zn potentially 
entering the terrestrial or aquatic environmental during dry deposition is isotopically 
heavier than the original source. The observed isotope fractionation can account for 
previously experimentally determined isotope signatures in aerosols collected off the 
coast of Africa (i.e. Chapter 3) assuming the dust was originating from the Sahel and 
transported during 5 days in a low pH and Cl--rich atmospheric environment. These 
results suggest that atmospheric processing is a valid mechanism of isotope 
fractionation affecting atmospheric particulate matter. 
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6.1 Introduction  
Previous work presented in this thesis (chapters 3 to 5) has shown that the isotopic 
signature of Zn in aerosols collected in the atmosphere does not necessarily match 
suggested sources regions and/or are in contrast to suggested biogeochemical 
fractionation processes. Consequently atmospheric processing was proposed as a 
possible fractionation mechanism. 
Dust is formed during wind events over desiccated soils and desert [Baker et al., 
2003] and consequently transported across long distances. This process plays an 
important role in the global biogeochemical cycle. Particle-water droplets interactions 
during atmospheric transport govern the type of dust removal process from the 
atmosphere (dry and wet deposition) [Chester et al., 1997]. It is recognized that 
reactions of mineral dust during transport impact the chemical balance of the 
atmosphere and the physicochemical properties of the particles [Rubasinghege et al., 
2010]. Human activities, such as industrial and agricultural production and 
transportation release significant amount of nitrogen oxides (NOx), sulphur oxides 
(SOx) and chloride ion (Cl) into the atmosphere. These oxides and ions form different 
acids (i.e. HNO3, H2SOx and HCl) within the atmospheric moisture and contribute to 
a low pH in droplets and to acid rain formation [Spokes et al., 1994]. This in return 
affects metal dissolution in the transported dust, where the reaction between acid 
species in gaseous phase and the dust leads to coating and formation of a deliquesced 
layer containing high concentrations of anions [Chu and Anastasio, 2003] and 
resulting in low pH conditions at mineral surfaces (pH values of 1 to 2.15) 
[Rubasinghege et al., 2010] which affect metal solubility [Desboeufs et al., 1999; 
2001; 2003]. These processes significantly alter the availability and speciation of 
metals in dust when it is dissolved and deposited [Buck et al., 2006; Mendez et al., 
2010]. This is important as wet atmospheric deposition is considered the primary 
delivery mechanism of trace metals and nutrients into the oceans [Duce et al., 1991] 
and dust is considered the natural source of metals in the atmosphere [Rubasinghege 
et al., 2010]. 
Early studies have focused on the release of trace metals from dust during its 
dissolution in seawater [Bonnet and Guieu, 2004; Buck et al., 2006; Buck et al., 2010; 
Mendez et al., 2010; Schroth et al., 2009; Spokes et al., 1994]. In recent years, studies 
focussing on the dissolution of iron (Fe) in the atmosphere have increased our 
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understanding of the role of atmospheric processing on metals speciation and the 
release from dust during atmospheric transport [Baker and Jickells, 2006; Shi et al., 
2011; Waeles et al., 2007].  Zinc plays an important role as a nutrient trace element 
in the global biogeochemical cycle and studies assessing its dissolution in seawater 
have shown a typical Zn solubility of 16 % from natural particles and of 5 % from 
anthropogenic particles [Thuroczy et al., 2010]. Spokes et al. (1994) estimated Zn 
solubility of dust in rainwater and cloud water of remote or marine origin to vary 
between 51-100%. 
The Saharan area is responsible for 26 % of the total dust input into the global 
surface ocean [Jickells et al., 2005]. Understanding the effect of atmospheric 
processing on Zn dissolution during transport of this dust is of crucial importance to 
better constrain global biogeochemical cycles. Furthermore, as it is of prime interest 
to develop Zn isotopes as a tool for studying ocean surface biological processes 
[Andersen et al., 2011; Bermin et al., 2006; John et al., 2007; Maréchal et al., 2000; 
Pichat et al., 2003], isotope fractionation caused by atmospheric processing during 
dust transportation needs to be understood. This process could affect interpretations 
regarding the true isotopic signature of the Zn deposited to the ocean (see discussions 
in Chapter 5). 
Field studies have shown that the chemical reactions occurring during 
atmospheric processing are mineralogy-specific and follow trends expected and 
predicted from laboratory studies [Rubasinghege et al., 2010]. To understand the Zn 
isotope fractionation during atmospheric processing, we simulated possible conditions 
in the atmospheric environment using laboratory experiments and investigated the 
effects of low pH solutions on the dissolution of Zn in Sahel soil dust and the Zn 
isotope fractionation caused by this dissolution. To achieve this, mineral acid 
solutions using HNO3 and HCl at pH 2 and aqueous solutions using deionised-water 
at pH 5 were used as leaching agents during a period of 6 days. The extent and 
direction of dissolution rates and isotope fractionation were quantified and the results 
were applied to reassess the origin of the isotopic signatures measured in aerosols off 
shore Africa (Chapter 3).  
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6.2 Materials and methods 
6.2.1 Sample and material  
The mineral acids used (HNO3 and HCl) were sub-distilled in the laboratory. Dilute 
solutions of acids were prepared using 18.2 MΩ·cm grade Millipore system (Bedford, 
MA, USA). The HNO3 and HCl acids with pH values of 2 were prepared using a 
calibrated pH meter. The leaching experiment used 500 ml low-density polyethylene 
(LDPE) bottles as reaction vessels and polypropylene (PP) tubes for sample collection. 
All apparatus used was acid-cleaned with distilled HNO3 and HCl. All solutions and 
samples for Zn dissolution and isotope measurements were prepared and handled in a 
Class 1000 clean laboratory.  The bulk soil dust used was prepared mixing 25 
subsamples (2 g each) collected from the surface on the route between Bamako and 
Timbuktu, Mali. The concentration of Zn in the composite soil dust sample was 21.6 
μg/g, or 0.3303 μmol/g. 
 
6.2.2 Leaching procedure 
The leaching experiments were carried out at room temperature. Experiment 1 was 
developed to assess the rate and quantify the amount of the dissolution and to develop 
the kinetic model. Experiment 2 was aimed to assess the isotopic fraction due to Zn 
dissolution. Approximately 5 g of the soil dust was added to each reaction bottle. Two 
hundred and fifty ml of leaching solution were added into each reaction bottle and 5 
ml of leachate were sampled using 5 ml pipette. During experiment 1, samples were 
taken and transferred into test tubes after 10 min, 20 min, 30 min, 40 min, 50 min, 1 
hr, 1.5 hr, 2 hr, 4 hr, 6 hr, 12 hr, 24 hr, 36 hr, 48 hr, 60 hr, 72 hr, 84 hr, 96hr, 108 hr, 
120 hr, 132 hr and 144 hr. At the start of the experiment, 4ml of leachate was sampled. 
The sampled solutions were centrifuged and 4 ml of clear leachate was taken out from 
each of the tubes and transferred into other tubes for concentration or isotope analysis. 
Five ml of fresh leaching solution was added to the residues and then poured back into 
the reaction bottles to keep the volume constant at 250 ml. The reaction bottles were 
placed on an electric shaker throughout the experiment. The total length of the 
leaching experiment was 6 days (144 hr) because dust can travel for approximately 7 
days in the atmosphere after emission before being depositing into the ocean [Ridame 
and Guieu, 2002]. The leaching experiment was repeated once for collecting samples 
for Zn isotope measurement (Experiment 2). The amount of dust and the pH of the 
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leaching solution for both experiments are summarised in Table 6.1. 
 
Experiment 1 Experiment 2 
  
Dust / g pH Dust / g pH 
HNO3 5.00008 1.99 5.00048 1.94 
HCl 4.99990 2.01 5.00053 2.02 
Deionised water 5.00900 5.27 5.00040 5.38 
Table 6.1 The amount of soil dust and the pH of the leaching 
solution used in the leaching experiment 
 
6.2.3 Concentration measurements with ICP-MS  
The Zn concentrations were determined using an Inductively Coupled Plasma Mass 
Spectrometer (ICP-MS, Varian, CA, USA) located at the Natural History Museum, 
London. Centrifuged leachates were transferred into cleaned Teflon beakers and 
placed on the hot plate to evaporate to dryness. After adding 0.1 ml concentrated 
HNO3 to reflux the solutions, these were dried down and 1 ml 0.5 M HNO3 was added 
to re-dissolve the sample. Subsequently, 0.9 ml of each of the leachates was diluted 
using 4.05 ml 0.5 M HNO3 and 0.05 ml 100 ng/ml Ln-Rh internal standard for mass 
bias corrections in vials.  
 
6.2.4 Zn isotope measurement with MC-ICP-MS 
The centrifuged solutions were spiked with a 64Zn-67Zn double spike for the 
subsequent Zn isotope ratio analysis. An approximately equal amount of spike was 
added to each sample. The solutions were then evaporated to dryness and re-dissolved 
in 7 M HCl for ion exchange column chemistry to separate the Zn, following the 
method that is described in Chapter 3.  
A Nu Plasma multiple-collector Inductively Coupled Plasma Mass Spectrometer 
(MC-ICP-MS) connected to a Nu DSN-100 Desolvation Nebulizer System and a 
PTFE nebulizer for sample introduction was used for isotope analysis. The actual 
spike-sample ratio of the leachate samples was calculated from the raw measurements 
of the spiked samples, showing that the ratio was approximately 1.5:1. It has 
previously been demonstrated that a 1.5:1 spike-sample ratio leads to similar 
measured Zn isotopes as a 1:1 spike-sample ratio [Arnold et al., 2010b]. However, 
standards were made at spike-sample ratio 1.5:1 for the samples to ascertain accurate 
Zn isotope ratio measurement. 
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6.3 Result and discussion 
6.3.1 Zn dissolution in HNO3, HCl, and deionised water 
6.3.1.1 Experimental results 
Table 6.2 shows the amount of Zn dissolved during the entire duration of the leaching 
experiment. The three leaching solutions were tested for Zn before the experiments 
and concentrations were below the detection limit of the ICP-MS. Six leachate 
samples (out of 69 measured samples) showed abnormally high concentration of Zn, 
and were likely contaminated during the experimental handling and excluded from the 
data interpretation. The concentrations of Zn in the leachates are expressed in μmol 
per gram of the dust used in the experiment.  
 
Time HNO3 HCl MQ water
hour μmol/g μmol/g μmol/g 
0 < < < 
0.17  5.07E-03 5.96E-03 1.08E-03 
0.33  7.87E-03 6.58E-03 7.05E-04 
0.5  6.62E-03 7.26E-03 1.16E-03 
0.67  7.82E-03 7.26E-03 > 
0.83  > 8.49E-03 3.53E-04 
1 6.85E-03 8.26E-03 7.30E-04 
1.5 7.79E-03 9.94E-03 1.47E-03 
2 8.11E-03 9.71E-03 1.25E-03 
4 8.35E-03 1.10E-02 > 
6 1.12E-02 1.25E-02 1.41E-03 
12 > 1.59E-02 2.12E-03 
24 1.05E-02 1.71E-02 1.57E-03 
36 1.11E-02 1.93E-02 1.89E-03 
48 1.41E-02 2.07E-02 1.72E-03 
60 1.22E-02 2.30E-02 2.37E-03 
72 1.31E-02 2.24E-02 2.46E-03 
84 1.28E-02 2.27E-02 2.16E-03 
96 1.32E-02 2.32E-02 3.02E-03 
108 1.31E-02 2.34E-02 2.50E-03 
120 1.28E-02 2.39E-02 2.13E-03 
132 1.30E-02 2.45E-02 > 
144 1.24E-02 2.42E-02 > 
Table 6.2 Amount of Zn dissolved into solution during the leaching of the dust at pH 2 in HNO3 
and in HCl and at pH 5.3 in deionised water during the 144 hours of leaching time. Concentrations 
below the ICP-MS detection limit (typical 1 ng/ml) are indicated with ‘<’; contaminated samples 
are indicated with ‘>’ 
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Figure 6.1 Zn dissolution kinetics in pH 2 HNO3, pH 2 HCl and pH 5.3 deionised water during the 
144 hour leaching period.(A) and the first 6 hours (B) 
 
In the HNO3 solution, 5.1×10-3μmol Zn/g dissolved at a high rate within the first 
10 minutes, followed by a smaller rate within 1.5 hours, reaching 7.79×10-3μmol Zn/g. 
After 6 hours, the concentration reached 1.12×10-2 μmol Zn/g. The dissolution rate 
then increased again and the average amount of dissolved Zn after 144 hours was 
1.25×10-2 μmol Zn/g. 
The Zn dissolution profile in the HCl solution showed a similar pattern and 
similar dissolution rate as that in the HNO3 solution within the first 6 hours. A total of 
5.96×10-3 μmol Zn/g was dissolved within the first 10 minutes at a higher rate and 
9.71×10-3μmol Zn/g after two hours. After 12 hours, the dissolution in the solution 
reached 1.59×10-2μmol Zn/g and finally 8.33×10-3 μmol Zn/g after 144 hours. A 
plateau is visible after 60 hours with an average concentration of dissolved Zn of 
2.34×10-2μmol /g, nearly twice the amount of Zn leached out at pH 2 using the HNO3 
solution. 
Time (hour) 
Deionised water 
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The leaching pattern in the MQ water is very different. 1.08×10-3μmol Zn/g 
dissolved within the first 10 minutes and the dissolved Zn concentration reached 
2.12×10-3μmol Zn/g after 12 hours. A plateau is reached with an average dissolved 
concentration of 2.19×10-3μmol Zn/g after 12 hours. This is only 18 % of the Zn 
leached out by the HNO3 solution. 
The initial dissolution rate was estimated from the slope of the first 20 min of the 
reaction progress shown in Figure 6.1. The later dissolution rates were calculated 
from the average of dissolved Zn after the dissolution reached a plateau and after the 
total leaching time. The maximum solubility of Zn was calculated from the maximum 
dissolved Zn during the leaching experiment and the total Zn in the initial dust.  
The formula used for the calculations are shown below: 
 
Initial dissolution rate (μmol/g/s) = dissolved Zn (μmol/g) / time (s)           (1) 
Dissolution rate (μmol/g/s) = average dissolved Zn (μmol/g) / total time (s)      (2) 
Maximum solubility (%) = Maximum dissolved Zn (μmol/g)/ total Zn in dust (μmol/g) 
×100%                    (3) 
 
  Initial dissolution rate Dissolution rate  Maximum solubility 
  μmol/g/s μmol/g/s % 
HNO3 8.45E-06 2.42E-08 4.0  
HCl 9.94E-06 4.51E-08 7.2  
Deionised 
water 
1.79E-06 4.23E-09 0.9  
Table 6.3 The Initial dissolution rates, dissolution rates and maximum solubility of Zn in pH 2 
HNO3, pH 2 HCl and pH 5.3 deionised water 
 
The initial dissolution rates for HNO3 and HCl were similar (Table 6.3) but the 
overall dissolution rate was twice as large in the HCl solution and the dissolved Zn in 
the HCl solution after 6 hours of leaching is significantly higher than in the HNO3 
solution. This reflects the different amount of Zn released from the different mineral 
phases (i.e. illite-smectite and kaolinite, XRD data not shown) with HNO3 and HCl 
and . Acids attack illite-smectite minerals and release metal elements and silica as a 
consequence of breaking the weak Van der Waals bonds between the SiO4 tetrahedral 
and other ions in kaolinite [Deer et al., 1992; Velde, 1977].  
The maximum solubility of Zn in this study is 4.0, 7.2, and 0.9 % for HNO3 and 
HCl at pH 2 and MQ water at pH 5.3, respectively. This shows that pH and the type of 
Chapter 6 
 111
mineral acid affect directly the Zn solubility of the dust.  Zn solubility in solutions 
containing Cl- is approximately twice that observed in solutions containing NO3-. 
These results agree with previous work showing that the dissolution of Co and Cu in 
their oxides forms has higher dissolution rates in HCl than HNO3 [Boukerche et al., 
2010; Senanayake, 2007]. Senanayake (2007) studied the dissolution of CuO in Cl- 
ion-containing solutions and suggested that surface adsorption involving the 
formation of chloride-complexes of the adsorbed species were responsible for the 
higher dissolution in Cl- solutions compared with others. The high stability of a 
chloride-complex likely increases the adsorption of free Cu and enhances the rate of 
dissolution. Boukerche et al. (2010) suggested that H+ and Cl- in the solution are 
susceptible to reaction with the solid surface. They suggested that either H+ can 
initiate the dissolution reaction and Cl- then play the role of accelerator, or the other 
way around.  
Studies assessing Zn solubility in wet deposition show large variations [Colin et 
al., 1990; Ozsoy and Ornektekin, 2009]. This has been explained with the variety of 
possible chemical components in the rainwater and the effect of anthropogenic Zn in 
dust, the latter being mainly in the exchangeable phase [Kocak et al., 2007]. The 
release of Zn is associated with the way by which the metals are bound to the solid 
matrix. Anthropogenic Zn often consists of adsorbed impurities or very soluble salts 
leading to nearly total solubility, while pure natural mineral particles are far less 
soluble (< 20 %) [Desboeufs et al., 2005]. Desboeufs et al. (2005) studied the 
solubility of loess collected in the atmosphere over Cape Verde, which originated 
from the Saharan desert. They found that Zn solubility reached 11 % after 120 min of 
leaching at pH 4.7 using sulphuric acid. Kocak et al. (2007) predicted that the residual 
fraction (residual of aerosols leached with acetic acid and hydroxylamine 
hydrochloride solution) of Zn in Saharan dust is ca. 82 %, while Chester et al. (1989) 
measured a residual fraction of 91% for the same dust source. The results presented in 
this study are therefore in line with previous findings.  
 
6.3.1.2 Kinetic model 
Experimental data enable us to develop kinetic models, which are at the core of larger 
global biogeochemical climate models. Consequently, we used the experimental data 
presented above to develop a simple dissolution model for Zn in dust during 
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atmospheric transport. The Zn and the acid in the leaching solution are the reactants 
and the rate law of the dissolution of Zn is written as: 
 
-d[Zn]/dt = k [Zn][H+] (4) 
where [Zn] and [H+] are the concentration of ions and t is the dissolution time. The 
concentration of [H+] is three orders of magnitude higher than the Zn concentrations 
and does not change significantly after the leaching. The rate law can therefore be 
simplified to: 
-d[Zn]/dt = k’[Zn]     (5) 
where k’ = k[H+] and represents the conditional rate constant of the dissolution 
reaction. The rate law is now first order with respect to the Zn concentration. In 
Equation 5, k’ is the pseudo first order rate constant and the reaction between Zn and 
the solutions depends on the concentrations of Zn only. 
For the dust dissolution modelling, we assume that the dust contains soluble and 
insoluble fractions only, and the sum of these fractions is 1. The soluble fraction 
increases over time as soon as leaching commences. The concentration (C) is time 
dependent, and expressed as: 
C = C0 [(1-f)e-kt + f]       (6) 
where, C0 is the concentration of element in the precipitates at time zero, f is the 
non-reacting fraction of element within the solution, k is the rate constant and t is the 
leaching time.  
Differentiation of the equation above defines the initial dissolution rate: 
 
dC/dt = - k C0 (1- f)       (7) 
The concentration of the element in the solution is calculated by the deduction of 
the concentration in the precipitates at a certain time from the initial concentration. 
Equation 6 and 7 are combined to give: 
 
C = C0 – {C0 [(1-f)e-kt + f]}   (8) 
where C is the concentration of Zn in the solution at time t (μmol/g), C0 is the 
concentration of element in the precipitates at time zero (μmol/g), f is the non-reacting 
fraction of element within the precipitates, k’ is the apparent rate constant (s-1) and t is 
the leaching time (s).  
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Figure 6.2 Comparison of Zn dissolution experimental and model data in the three different 
leachate solutions over the 144-hour leaching period 
The model estimates the dissolved Zn concentration over time. The parameters C0, 
f and k are set in the model and the optimised values are obtained using non-linear 
least square fitting in the Excel solver. The model constraints are: C0 ≥ 0; k ≥ 0; f ≥ 1 
and f ≥ 0. The sum of the difference between the experimental data and the modelling 
data were approached to minimum to acquire the model data.  
Figure 6.2 compares the modelled Zn dissolution data with the experimental data. 
The correlation coefficients varied between 0.789 and 0.932. The model 
underestimates the maximum solubility of Zn by 10 to 23%. This could be explained 
by the partially unavailable experimental data affecting the quality of the iterations 
and the fluctuations of the Zn concentration in the leaching solutions. These provided 
irregularities within the timescale studied, which resulted in inaccurate predictions, 
causing the offset. The modelled maximum solubility of Zn is 3.4%, 6.5% and 0.7% 
for HNO3, HCl and deionised water, respectively. 
 
6.3.2 Zn isotope ratio in the leaching experiment 
Table 6.4 gives the Zn isotope ratio of the leachate after 144 hour. The isotopic 
composition of the leachates ranges between 1.50±0.02 and 2.86±0.06‰. This 
represents a significant positive fractionation given the 0.43±0.10 ‰ of the bulk Sahel 
soil sample, leaving the residual dust isotopically lighter. Although the Zn 
concentration in the reaction bottle is stable after 60 hours of leaching, the leachates 
were measured for Zn isotope ratios after 144 hours to assure isotopic equilibrium. 
 
δ66ZnLyon 
Leachate 
Residual 
dust  
Maximum 
solubility Sample 
‰ 2SD ‰ 2SD % 
Sahel dust   0.43 0.10  
HNO3 2.86 0.06 0.33  4.0  
HCl 2.18 0.09 0.29  7.2  
Deionised water 1.50 0.02 0.42  0.9  
Table 6.4 The δ66ZnLyon value of the different leachate solutions measured during this study. The 
δ66ZnLyon value of the residual soil dust was calculated using mass balance considerations and the 
maximum solubility of Zn determined in Experiment 1. The 2SD of the leachate is calculated from 
3 repeat measurements of each sample.  
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A previous study of Zn isotope fractionation during oxidative weathering of 
sulfide-rich rocks (containing minerals such as quartz, chlorite, phlogopite, albite, 
sericite, and sphalerite) used batch leaching with leachate solutions of HCl and MQ 
water at pH 2 and pH 4 [Fernandez and Borrok, 2009]. Similarly to the present work, 
the δ66Zn of the leachate was heavier but the fractionation factor was significantly 
smaller (0.2 to 0.4‰ compared to 1.07 to 2.43‰ in this study). The authors suggested 
that the bonding environment for Zn in the altered surface layer produced the isotopic 
fractionation. They further hinted that the Zn released from different mineral phases 
can have different δ66Zn values.  
We propose that the large isotopic fractionation observed in our study could be 
related to the presence of clay minerals (i.e. illite-smectite and kaolinite). Clay 
minerals are weathering products of aluminium silicate minerals and low temperature 
hydrothermal alteration products. Ion exchange occurs during these processes and it is 
conceivable that the heavier Zn isotopes are bonded or absorbed onto the surface of 
the clay minerals and released during weathering/leaching. This hypothesis is based 
on the similar results observed in other isotope systems. Fantle et al. (2012) studied 
Ca isotopes in desert dust, and similarly found isotopically heavier Ca leached out in 
deionised water (<1% of total Ca mass), with a fractionation factor of 1.00033. The 
main mineral contents of the dust were clays, quartz, calcite, albite, and halite. The 
authors suggested that the MQ water can leach Ca from halite and other evaporate 
minerals and that the Ca isotope signature in the deionised water leachate is affected 
mainly by isotopic fractionation during Ca adsorption onto clay minerals. The isotope 
signature of acid soluble Ca, however, was indistinct from the residual after leaching 
[Fantle et al., 2012]. Clay minerals have an affinity for heavier Mg isotopes during 
their formation [Teng et al., 2010; Tipper et al., 2012], which could be subsequently 
leached out. These studies support the hypothesis that heavier isotopes are likely to be 
related to clay minerals during formation or adsorption, similar to the behaviour of Zn 
observed in this study. However, the mechanisms leading to the heavy isotope 
preference of clay minerals remain unclear and there is no further study about Zn 
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isotope ratios in individual minerals or the isotope fractionation among different 
minerals. Further work is will therefore be needed to understand the Zn isotope 
fractionation during the processes of mineral formation, weathering and dissolution. 
 
6.3.3 Atmospheric processing and its implication for the observed isotope patterns in 
aerosols 
In Chapter 3, Sahel soil dust and aerosols from off shore of West Africa were 
characterised with respect to their isotope signature. The Sahel soil dust had a 
 δ66ZnLyon value of 0.43±0.10 ‰ and the two aerosol samples had isotopically lighter 
Zn signatures of 0.03±0.04 and 0.17±0.10‰. Back trajectory-modeling covering the 5 
days prior to collection confirmed that the air masses arriving at the aerosol collection 
site were from the Sahel region. The distinct different isotopic signature of the 
aerosols and Sahel soil dust suggested that other sources than Sahel soil dust were 
contributing to the aerosol samples, i.e. anthropogenic industrial emissions from 
North Africa. 
A previous study conducted at Katibougou, near Bamako in Mali, showed that the 
annual mean pH of wet deposition in this region is approximately 5.54 [Laouali et al., 
2012]. Fifty percent of this acidity can be attributed to organic acidity (formate, 
acetate, propionate and oxalate) and 50 % to mineral acidity (i.e. H2SO4 and HNO3). 
Therefore, atmospheric processing and potential isotopic fractionation of Sahel soil 
dust during atmospheric transport could account for the isotopically lower signature in 
the aerosols collected off shore Africa.   
To test this, we conducted a simple mass balance calculation. We determined the 
δ66ZnLyon value in the remaining dust after leaching using the experimentally 
determined isotope signatures given in Table 6.4 and the solubility of Zn after 5 days, 
under the assumption that this represents the time the aerosol has been travelling 
before reaching the collection point. The mixing equitation is given as 
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δ66Znremain = (δ66Znstart-δ66Znleachate×f)/(1-f)  (9) 
 where δ66Znstart is the δ66ZnLyon value of the Sahel soil dust; δ66Znleachate is the 
measured δ66ZnLyon value of the leachate after 144 hours; f is the percentage of soluble 
Zn in total Zn. 
After 120 hours the dissolution of Zn reaches a maximum at 4.0, 7.2 and 0.9% for 
HNO3 and HCl (pH 2) and deionised water (pH 5.3) respectively. The δ66ZnLyon value 
in the leachate after 144 hours is 2.86±0.06 ‰, 2.18±0.09 ‰, and 1.50±0.02 ‰ for 
for the same solutions respectively. Using these parameters, the dry aerosol collected 
at the aerosol-collecting site (the residual dust after leaching) can be calculated. 
With respect to the mineral acid solutions at pH 2, this leads to a δ66ZnLyon value 
of the residual phase ranging between 0.29 ‰ and 0.42 ‰. This is only 0.14 ‰ lower 
than the δ66ZnLyon of the aerosol sample collected off shore West Africa. Assigning a 
typical analytical error of 0.06 ‰ (this study) to the δ66ZnLyon value for the calculated 
residual dust, we find that this value (0.29‰) is similar to the measured dust aerosols 
(0.17±0.10‰, see Chapter 3). Only the residuals processed in low pH mineral acid 
solutions can explain the observed isotopic aerosol signatures while the MQ water 
solution with pH 5.3is similar to the annual mean of wet deposit near Bamako. 
However, it is important to note that there are substantial contributions of organics to 
the acidity in Bamako and it has been shown that complexation of Zn with organic 
acids can lead to fractionations reaching +0.28‰ [Jouvin et al., 2009]. Our results 
therefore suggest that a better understanding of the Zn isotope fractionation during 
atmospheric processing is still needed.  
 
6.4 Conclusions 
The effect of atmospheric processing on Zn dissolution rates and isotopic 
fractionation has been investigated in this study. Nitric acid and hydrochloric acid 
with pH 2 and deionised water with pH 5.3 have been used to simulate the acidic 
conditions typical of the atmospheric environment. A batch leaching experiment 
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reveals that lower pH solutions result in higher Zn solubility and that at equal pH, Zn 
solubility is approximately twice as high in Cl- solutions as in NO3- solution. 
Significant Zn isotope fractionation was observed during leaching. The δ66ZnLyon 
values after 144 hours of leaching were 2.86±0.06‰, 2.18±0.09‰, and 1.50±0.02‰ 
in the HNO3, HCl and deionised water solutions respectively. The residual soil dust 
consequently has a Zn isotope fractionation between 0.01‰ and 0.14‰. This isotopic 
fractionation can explain the isotopic signatures observed in mineral dust deposited by 
dry deposition collected off shore West Africa. This indicates that Zn isotope 
variations between dust sources and sinks can by cause source mixing as well as 
atmospheric processing.  
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7.1 Summary and conclusions 
This PhD project focused on the Cu, Zn and Pb isotope systematic in natural and 
anthropogenic atmospheric particulate matter and discusses implications and possible 
applications in the study of global biogeochemical cycles and human pollution.   
First, I developed a sample preparation method that improves the quality of Cu 
and Zn isotope measurements in silicate samples with low volume and element 
content.  
Second, I determined the Pb, Cu and Zn isotope composition in urban aerosols 
and in potential sources. I showed that we can identify anthropogenic sources of these 
contaminant metals in the urban atmosphere and that brake and tyre emissions are the 
dominant sources of Zn and Cu. I also confirmed that the Pb isotope signatures in the 
aerosols remained stable during the last ten years and that recycled Pb derived from 
leaded gasoline still contributes significantly to the environmental Pb burden.  
Third, I characterized the Cu and Zn isotopes signature in the major Asian deserts, 
and Sahel and improved our knowledge on the isotope signatures and variability of 
‘natural’ airborne Cu and Zn, which can act as an important baseline for natural 
mineral dust in future applications. 
Finally, batch dissolution experiments tested the Zn isotope ratio fractionation 
during leaching of natural dust in acidic solution at room temperature. We found 
significant isotope fractionation which suggests that the Zn isotope signature 
deposited over the ocean is not only affected by source mixing, but also by chemical 
and / or physical atmospheric processes during transportation. 
The key conclusions of my work are:  
1. To enable accurate and precise measurements of Cu and Zn isotopes in low 
volume and low concentration dust and aerosol samples, limiting the use of 
ion exchange resin and acid is key. This enables small blank contribution 
while still achieving quantitative recovery and a higher throughput of sample 
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due to reduced elution time. The method was successfully tested studying Cu 
and Zn isotope variation between Sahel soil dust and aerosols collected 
off-shore West Africa. We found significant variations suggesting important 
contribution of anthropogenic emission to the natural dust. This suggests that 
other sources than Sahel soil contributes to the aerosol samples, which could 
be anthropogenic according to the Zn isotope signature. This has been 
supported by the enrichment factor and back trajectory modelling  
2. As it has been suggested that anthropogenic sources have different Cu and Zn 
isotope signatures than natural ones in aerosols, the spatial isotope variation in 
urban aerosols collected at two sites in London (one with high traffic and one 
with low traffic) and potential local sources, including non-combustion vehicle 
emissions (tyres and brakes), road furniture wear off (road paint, manhole 
cover, and road surface), and road dust were studied. The isotope ratios of Cu 
and Zn in the sources assessed overlapped mostly with the aerosols but did not 
enable to differentiate between the tested sources themselves. The Cu and Zn 
isotope ratios of aerosols at two contrasting sites were similar, suggesting that 
similar sources were dominant. For Zn, an isotopically light source was 
needed to explain the observations in this study and we tentatively suggest that 
high temperature industrial emissions make an important contribution to urban 
Zn. Together with metal element concentrations, we conclude that Zn and Cu 
are derived from traffic wear-off in western urban environments but industrial 
high temperature processes or waste burning is likely to contribute to the Zn 
burden. 
3. Lead isotope measured in PM10 aerosols collected in London, showed similar 
low radiogenic signatures at high traffic density site and low traffic density site, 
and with samples collected between 1995 and 2001. The PM10 aerosol from 
both sites is within a mixing line of gasoline as one end member, and fly ash, 
road dust, brake, tyre, manhole cover, road paint and road surface wears as the 
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other end member. This suggests that gasoline lead is recycled in the 
environment. The road dust has a similar Pb isotope ratio as the aerosol at both 
sites, which suggests that the re-suspension of road dust is one of the main 
sources of the PM10 aerosols. 
4. To constrain the Cu and Zn isotope signatures in the global dust cycle, we 
analysed isotope variation of Chinese and Indian desert deposits. We observed 
significant Cu and Zn isotopic variations between the major dust areas. To 
explore the possible control of Cu and Zn isotope signatures, the mineral 
content was studied. We found significant correlation between Cu isotope ratio 
and illite. The isotope ratios of Zn in the dust source areas could not explain 
observed isotope signatures in the North East Pacific Ocean surface waters and 
a additional source needed to be invoked. For that we analysed dust collected 
over Beijing and found the end member needed. Consequently we suggest that 
dust deposited in NEPO areas is mixed by anthropogenic sources and that can 
finally explain observed Zn fractionation processes in the NEPO.  
5. Long range transport of dust is mainly conducted via the <5μm particle size 
fractions. Therefore it is important to characterise isotope variations among the 
different size fractions. We find significant Cu and Zn isotope variation among 
different size fractions of natural mineral dust. Zinc isotope ratios show a 
distinct pattern and δ66ZnLyon values decrease from <4μm fraction to 16-32 μm 
fraction and increases then again to >63 μm fraction. Mass balance calculation 
showed that the bulk sample has a Cu and Zn isotope ratio within the 
analytical error of <4μm fraction sample. This suggests it is acceptable to use 
bulk sample isotope signature to represent the dust source in dust long range 
transport studies.  
6. To test if dissolution of mineral soil particles during atmospheric transport 
could account for observed differences between isotopic signatures in source 
areas and sea water, a dust sample from the Sahel was leached in acidic 
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solutions to simulate typical conditions in cloud droplets. Significant Zn 
isotope fractionation was observed during the leaching of the dust in the 
solutions. The dust remaining after the leaching is isotopically lighter than the 
original source material, whereas the dissolved Zn potentially entering the 
terrestrial or aquatic environment during dry deposition is isotopic heavier. 
The observed isotope fractionation can account for previously determined 
isotope signatures in aerosols collected off shore Africa (Chapter 3) assuming 
the dust was originating from the Sahel and transported during 5 days in a low 
pH and Cl- rich atmospheric environment. These results suggest that 
atmospheric processing in a valid mechanism of isotope fractionation affecting 
atmospheric particulate matter. 
 
7.2 Outlook  
Based on the conclusions of this PhD research, some potential research aspects are 
proposed to improve our understanding of the biogeochemistry of Cu and Zn isotopes. 
Analytical methods for accurate and precise Cu and Zn isotope ratio with 
MC-ICP-MS have limitations with respect to sample throughput. Large amount of 
samples have to be analysed for atmospheric studies due to the natural variability 
encountered. One potential route to address this problem is to develop laser ablation 
as sample introduction techniques. This would reduce the contamination danger 
inherent to present sample preparation methods including acid digestion and ion 
exchange chromatography 
The work on the urban aerosols showed that Zn and Cu isotopes are valuable 
proxies to support and/or confirm suggested source assessments based on 
concentration data. One of the most striking points has been the observation that the 
isotope signatures of developing countries such as Brazil and China comparing with 
European countries are very different with the latter having more positive isotope 
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signatures. This suggests that in developing countries industrial sources are more 
important for Zn. Testing these ideas in more detail in urban cities such as Beijing 
using a similar study design as used in London would enable us to develop Zn 
isotopes as a tracer of industrial vs. traffic source in the global atmospheric cycle. 
Our results suggest that important isotopic fractionation occurs during 
atmospheric processing. While this phenomenon has been partly investigated in a 
pilot study in Chapter 6, a more detailed study testing the extent and direction of 
fractionation during environmental conditions typical for atmosphere is needed, 
including the presence of organic acids and the effect of UV radiation. Purposely built 
atmospheric process simulation laboratories could support the study of isotope 
fractionation during atmospheric transportation. This would lead to a better 
understanding of the mechanism of isotope fractionation that is effected during 
atmospheric transportation  
Finally, the data presented in this study and published before should enable us to 
develop a simple but coherent model of the global geochemical cycle of Cu and Zn 
isotopes. More data is needed to constrain the various geochemical reservoirs, for 
example, river and marine water and suspended particles, various industrial emission 
sources, and biomass sources, but such a possible model could highlight and identify 
the processes that are not well understood. 
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Lead atmospheric deposition rates and isotopic trends in Asian dust during the 
last 9.5 kyr recorded in an ombrotrophic peat bog on the eastern Qinghai – 
Tibetan Plateau 
 
Marion Ferrat, Dominik J. Weiss, Shuofei Dong, David J. Large, Baruch Spiro, 
Youbin Sun, and Kerry Gallagher 
 
Geochimica et Cosmochimica Acta, 2012, 82: 4–22 
 
Abstract 
A full understanding of the atmospheric Pb cycle in Asia during the Holocene is key to 
palaeoclimate studies of past atmospheric circulation patterns, as well as to assess the impact of 
increasing industrial activities in this region. However, long-term records of atmospheric Pb 
isotopic trends in Asia are still sparse. Consequently, we study changes in the concentrations, 
fluxes and isotopic signature of deposited Pb contained in a 14C-dated peat core from the eastern 
Qinghai–Tibetan Plateau, dating back to 9.5 kyr BP, and present the first peat record of the 
changing isotopic composition of atmospheric Pb in dust in Asia during this time. Lead 
concentrations and fluxes vary between 2.96–21.58 μg g−1 and 0.06–3.52 mg m−2 y−1, respectively, 
with an average Pb baseline of 6.80±4.18 μg g−1. These values agree with other Pb studies of lake 
and peat archives in China but are one order of magnitude larger than early and mid-Holocene 
values measured in Europe. Lead isotopic variability throughout the core is small, varying 
between 206Pb/207Pb = 1.190–1.197, 206Pb/204Pb = 18.648–18.786, 207Pb/204Pb = 15.666–15.694 
and 208Pb/204Pb = 38.890–39.090. The application of Bayesian trans-dimensional changepoint 
modelling to the Pb dataset enabled the identification of eight significant changes in the isotopic 
composition of the deposited Pb. Such changes mark different phases of atmospheric Pb 
deposition, and hence variations in atmospheric circulation patterns and environmental conditions. 
Temporal variations in the potential natural and/or anthropogenic Pb sources are assessed based on 
the 206Pb, 207Pb, 208Pb and 204Pb isotopic composition and the 1/[Pb] ratio of the peat samples. Our 
results suggest that Pb deposition throughout the Holocene was governed by local deposition and 
long-range input from natural dust sources in northwestern (Taklamakan desert and Qaidam basin) 
and northern China (Badain Jaran and Tengger deserts). Input from the northern sources seems to 
have been particularly important between 3.1–2.7 kyr BP and 1.7–0.9 kyr BP, suggesting a 
possible strengthening of the East Asian winter monsoon, in agreement with previous 
reconstructions in Asia. Based on the Pb/Sc and isotopic composition profiles we do not note any 
evidence for anthropogenic Pb derived from the thriving mining or smelting activities in northern 
and eastern China in the last few millennia, suggesting that atmospheric deposition to this region 
of the eastern Tibetan Plateau was dominated by natural Pb fluxes. These can serve as a true Asian 
“background” value against which anthropogenic impacts can be quantified. Our results confirm 
that the combination of radiogenic isotopes (Pb) and trace elements in peat bogs enables 
observational reconstructions of changes in past regional atmospheric circulation. Such records 
will enable more refined interpretations of marine and terrestrial palaeorecords in Asia and the 
Pacific and consequently provide further constraints for changes in ocean and atmospheric 
circulation and for the testing of palaeoclimate models of circulation patterns. 
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Calibration of the New Certified Reference Materials ERM-AE633 and 
ERM-AE647 for Copper and IRMM-3702 for Zinc Isotope Amount Ratio 
Determinations 
 
Kirsten Moeller, Ronny Schoenberg, Rolf-Birger Pedersen, Dominik Weiss, and 
Shuofei Dong 
 
Geostandards and Geoanalytical Research, 2012, 36(2): 177-199. 
 
Abstract  
The commonly used, but no longer available, reference materials NIST SRM 976 (Cu) and ‘JMC 
Lyon’ (Zn) were calibrated against the new reference materials ERM®-AE633, ERM®-AE647 (Cu) 
and IRMM-3702 (Zn), certified for isotope amount ratios. This cross-calibration of new with old 
reference materials provides a continuous and reliable comparability of already published with 
future Cu and Zn isotope data. The Cu isotope amount ratio of NIST SRM 976 yielded δ65/63Cu 
values of −0.01 ± 0.05‰ and −0.21 ± 0.05‰ relative to ERM®-AE633 and ERM®-AE647, 
respectively, and a δ66/64ZnIRMM-3702 value of −0.29 ± 0.05‰ was determined for ‘JMC Lyon’. 
Furthermore, we separated Cu and Zn from five geological reference materials (BCR-2, BHVO-2, 
BIR-1, AGV-1 and G-2) using a two-step ion-exchange chromatographic procedure. Possible 
isotope fractionation of Cu during chromatographic purification and introduction of resin- and/or 
matrix-induced interferences were assessed by enriched 65Cu isotope addition. Instrumental mass 
bias correction for the isotope ratio determinations by MC-ICP-MS was performed using 
calibrator-sample bracketing with internal Ni doping for Cu and a double spike approach for Zn. 
Our results for the five geological reference materials were in very good agreement with literature 
data, confirming the accuracy and applicability of our analytical protocol. 
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Improved provenance tracing of Asian dust sources using rare earth elements 
and selected trace elements for palaeomonsoon studies on the eastern Tibetan 
Plateau 
 
M Ferrat, D J Weiss, S Strekoptov, S Dong, H Chen, J Najorka, Y Sun, S Gupta, R 
Tada, and R Sinh  
 
Geochimica et Cosmochimica Acta, 2011, 75: 6374-6399 . 
 
Abstract 
The Asian Monsoon forms an important part of the earth's climate system, yet our understanding 
of the past interactions between its different sub-systems, the East Asian and Indian monsoons, 
and between monsoonal winds and other prevailing wind currents such as the Westerly jet, is 
limited, particularly in central Asia. This in turn affects our ability to develop climate models 
capable of accurately predicting future changes in atmospheric circulation patterns and monsoon 
intensities in Asia. Provenance studies of mineral dust deposited in terrestrial settings such as peat 
bogs can address this problem directly, by offering the possibility to examine past deposition rates 
and wind direction, and hence reconstruct past atmospheric circulation patterns. However, such 
studies are challenged by several issues, most importantly the identification of proxies that 
unambiguously distinguish between the different potential dust sources and that are independent 
of particle size. In addition, a single analytical method that is suitable for sample preparation of 
both dust source (i.e. desert sand, soil) and receptor (i.e. dust archive such as peat or soil profiles) 
material is desirable in order to minimize error propagation derived from the experimental and 
analytical work. Here, an improved geochemical framework of provenance tracers to study 
atmospheric circulation patterns and palaeomonsoon variability in central Asia is provided, by 
combining for the first time mineralogical as well as major and trace elemental (Sc, Y, Th and the 
rare earth elements) information on Chinese (central Chinese loess plateau, northern Qaidam basin 
and Taklamakan, Badain Juran and Tengger deserts), Indian (Thar desert) and Tibetan (eastern 
Qinghai-Tibetan Plateau) dust sources. 
Quartz, feldspars and clay minerals are the major constituents of all studied sources, with 
highly variable calcite contents reflected in the CaO concentrations. Chinese and Tibetan dust 
sources are enriched in middle REE relative to the upper continental crust and average shale but 
the Thar Desert has a REE signature distinctly different from all other dust sources. There are 
significant differences in major, trace and REE compositions between the coarse and fine fractions 
of the surface sands, with the finest <4μm fraction enriched in Al2O3, Fe2O3, MnO, MgO and K2O 
and the <32μm fractions in Sc, Y, Th and the REE relative to the coarse fractions. The <4μm 
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fraction best represents the bulk REE geochemistry of the samples. The provenance tracers 
Y/ΣREE, La/Er, La/Gd, Gd/Er, La/Yb, Y/Tb, Y/La, Y/Nd and to a certain extent the europium 
anomaly Eu/Eu* (all REE normalized to post-Archean Australian shale, PAAS) are particle 
size-independent tracers, of which combinations of Y/ΣREE, La/Yb, Y/Tb, Y/La and Eu/Eu* can 
be used to distinguish the Thar desert, the Chinese deserts, the Chinese loess plateau and the 
Tibetan soils. Their independence upon grain size means that these tracers can be applied to the 
long-range provenance tracing of Asian dust even when only bulk samples are available in the 
source region. Combinations of La/Th, Y/Tb, Y/ΣREE, Sc/La and Y/Er distinguish the Tibetan 
soils from the Chinese loess plateau and the Chinese deserts. La/Th and notably Th/ΣREE isolate 
the signature of the Badain Juran desert and the combination of Sc/La and Y/Er that of the 
Taklamakan desert. The similarity in all trace and REE-based provenance tracers between the 
northern Qaidam basin and Tengger desert suggests that these two deposits may have a common 
aeolian source. 
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Zinc isotopic fractionation in Phragmites australis in response to toxic levels of 
zinc 
 
Cristina Caldelas, Shuofei Dong, Jose Luis Araus, and Dominik J. Weiss 
 
Journal of experimental botany, 2011, 62(6): 2169 -2178 
 
Abstract 
Stable isotope signatures of Zn have shown great promise in elucidating changes in uptake and 
translocation mechanisms of this metal in plants during environmental changes. Here this potential 
was tested by investigating the effect of high Zn concentrations on the isotopic fractionation 
patterns of Phragmites australis (Cav.) Trin. ex Steud. Plants were grown for 40 d in a nutritive 
solution containing 3.2 μM (sufficient) or 2 μM (toxic) Zn. The Zn isotopic composition of roots, 
rhizomes, shoots, and leaves was analysed. Stems and leaves were sampled at different heights to 
evaluate the effect of long-distance transport on Zn fractionation. During Zn sufficiency, roots, 
rhizomes, and shoots were isotopically heavy (δ66ZnJMC Lyon =0.2 ‰) while the youngest leaves 
were isotopically light (-0.5 ‰). During Zn excess, roots were still isotopically heavier (δ66Zn=0.5 
‰) and the rest of the plant was isotopically light (up to -0.5 ‰). The enrichment of heavy 
isotopes at the roots was attributed to Zn uptake mediated by transporter proteins under 
Zn-sufficient conditions and to chelation and compartmentation in Zn excess. The isotopically 
lighter Zn in shoots and leaves is consistent with long-distance root to shoot transport. The 
tolerance response of P. australis increased the range of Zn fractionation within the plant and with 
respect to the environment. 
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Measurement of zinc stable isotope ratios in biogeochemical matrices by 
double-spike MC-ICPMS and determination of the isotope ratio pool available 
for plants from soil 
 
T. Arnold, M. Schönbächler, M. Rehkämper, S. Dong, FJ Zhao, G. J. D. Kirk, B. J. 
Coles, D. J. Weiss 
 
Analytical and Bioanalytical Chemistry, 2010, 398: 3115–3125 
 
Abstract 
Analysis of naturally occurring isotopic variations is a promising tool for investigating Zn 
transport and cycling in geological and biological settings. Here, we present the recently installed 
double-spike (DS) technique at the MAGIC laboratories at Imperial College London. The 
procedure improves on previous published DS methods in terms of ease of measurement and 
precisions obtained. The analytical method involves addition of a 64Zn-67Zn double-spike to the 
samples prior to digestion, separation of Zn from the sample matrix by ion exchange 
chromatography, and isotopic analysis by multiple-collector inductively coupled plasma mass 
spectrometry. The accuracy and reproducibility of the method were validated by analyses of 
several in-house and international elemental reference materials. Multiple analyses of pure Zn 
standard solutions consistently yielded a reproducibility of about ± 0.05‰ (2 SD) for δ66Zn, and 
comparable precisions were obtained for analyses of geological and biological materials. Highly 
fractionated Zn standards analyzed by DS and standard sample bracketing yield slightly varying 
results, which probably originate from repetitive fractionation events during manufacture of the 
standards. However, the δ66Zn values (all reported relative to JMC Lyon Zn) for two less 
fractionated in-house Zn standard solutions, Imperial Zn (0.10 ± 0.08‰: 2 SD) and London Zn 
(0.08 ± 0.04‰ ), are within uncertainties to data reported with different mass spectrometric 
techniques and instruments. Two standard reference materials, blend ore BCR 027 and ryegrass 
BCR 281, were also measured, and the delta Zn-66 were found to be 0.25 ± 0.06‰ (2 SD) and 
0.40 ± 0.09‰, respectively. Taken together, these standard measurements ascertain that the 
double-spike methodology is suitable for accurate and precise Zn isotope analyses of a wide range 
of natural samples. The newly installed technique was consequently applied to soil samples and 
soil leachates to investigate the isotopic signature of plant available Zn. We find that the isotopic 
composition is heavier than the residual, indicating the presence of loosely bound Zn deposited by 
atmospheric pollution, which is readily available to plants. 
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Copper and Zinc isotope composition of China and India dust sources 
 
Shuofei Dong, D. J. Weiss, J. Najorka, M. Ferrat, B. Spiro, Y. Sun, S. Gupta, and R. 
Sinha 
 
Oral presentation at 21st Goldschmidt Conference, Prague, Czech Republic, August 
14-19, 2011  
 
Abstract 
Copper (Cu) and zinc (Zn) play key roles in aquatic ecosystems. Zinc is an essential trace element 
limiting the biological productivity in the open ocean and Cu is potentially toxic to phytoplankton. 
Work to date suggests that the stable isotope systems of these metals can improve our 
understanding of their aqueous chemistry and behavior in the marine environment. Significant 
spatial variability in isotopic ratios was found between and within ocean basins.  
At present, one of the major gaps in knowledge is the characteristics of the isotopic 
composition of Zn and Cu of terrestrial sources into the marine ecosystem, in particular 
atmospheric deposition, which is the major source of trace elements to the remote open ocean. 
Here we present the first characteristics of the Cu and Zn isotope compositions of the major 
dust sources in China and India, and discuss the findings with respect to (i) the dominant controls 
(mineralogy, size fractions and Enrichment Factor), and (ii) their implication for the application to 
marine studies, focussing on the North East Pacific Ocean (NEPO). 
a) We observe significant Cu and Zn isotopic variations between bulk samples from Chinese 
dust, Chinese Loess, and Indian dust (error in 2SD), i.e., Chinese deserts (Taklamakan, Badain 
Jaran, and Tengger): δ65CuNIST976= 0.06±0.11‰ (n=10), δ66ZnLyon= 0.19±0.19‰ (n=10); Chinese 
loess: δ65CuNIST976= 0.27±0.19‰ (n=12), δ66ZnLyon= 0.41±0.17‰ (n=15); Thar Desert (India): 
δ65CuNIST976= 0.48±0.12‰ (n=4), δ66ZnLyon= 0.49±0.22‰ (n=5).  b) Cu isotope values seem to 
be negatively correlated with the abundance of the clay mineral illite at 95% CI R2 = 0.74, (n=10). 
c) The δ65CuNIST976 and δ66ZnLyon values differ among the various size fractions of Chinese deserts 
by up to 0.97 ‰ (Tengger Desert) and 0.35 ‰ (Taklamakan Desert), respectively. This implies 
that bulk isotopic signatures might be misleading for the characterization of dust. d) Enrichment 
factors (EF) of the dust range between 0.48 (Thar Desert) and 1.86 (Taklamakan Desert) for Cu 
and between 0.40 (Chinese loess) and 0.70 (Tengger Desert) for Zn, suggesting that the lower EF 
values, the heavier the isotope signature of the dust. e) The isotope signature of long range 
transport Chinese dust (≤5 μm) input to the NEPO area has values of δ65CuNIST976 = 0.16±0.19‰ 
and δ66ZnLyon = 0.29±0.24‰, which are lower for Cu and similar of Zn relative to the isotope 
signatures of dust input estimated in pervious studied of NEPO surface waters. 
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Tracing combustion and non-combustion sources in urban aerosols: a method 
using Copper and Zinc isotopes 
 
S. Dong, D.J. Weiss, R. North, G. D. Fowler 
 
Oral presentation at SEGH 2010 International Conference and Workshops, 
Environmental Quality and Human Health, Galway, Ireland, June 27- July 2, 2010 
 
Abstract 
Numerous researches have tried to determine the source of the metal pollution in the environment 
by using variations in element concentrations and enrichment factors relative to natural ‘crustal’ 
inputs[1]. Using isotope composition of Pb, Sr, Nd, Cd, and Zn as tracer for aerosol source tracing 
had been investigated recent years, and has shown the feasibility for anthropogenic source 
tracing[1-3] In this study, we report an urban aerosol source tracing method by using Copper and 
zinc isotope systematic.  
The Cu and Zn isotope composition of tyre, brake, roadware, exhaust, and road side dust 
samples were analyzed as potential urban aerosol sources, analytical result shown significant Cu 
and Zn isotope fractionation of the five potential sources. PM10 aerosol samples are collected 
from a roadside sampling site, and measured for Cu and Zn isotope composition. The contribution 
of each source in the aerosols can be determinate by the isotope ratio. 
The Cu and Zn isotopic composition were analyzed by multiple-collector inductively coupled 
plasma mass spectrometry (MC-ICP-MS) using standard sample bracketing and double spike 
methods. Industrial Cu and Zn single element solutions were employed for quality control and 
assurance. 
 
Reference 
1 Cloquet, C., et al., Tracing source pollution in soils using cadmium and lead isotopes. 
Environmental Science & Technology, 2006. 40(8): p. 2525-2530. 
2 Geagea, M.L., et al., Tracing of industrial aerosol sources in an urban environment using Pb, Sr, 
and Nd isotopes. Environmental Science & Technology, 2008. 42(3): p. 692-698. 
3 Gioia, S., et al., Accurate and precise measurements of Zn isotopes in aerosols. Anal. Chem., 
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Isotope systematic of Copper, Zinc and Lead in major dust areas of the Northern 
Hemisphere 
 
S. Dong, D.J. Weiss, M. Ferrat, S. Meunier, Y Sun, P Formenti, S Gupta, J Najorka 
and B.Spiro 
 
Poster presentation at Earth System Science 2010: Global Change, Climate and 
People, AIMES Open Science Conference, Edinburgh, UK, 10-13 May 2010 
 
Abstract 
Atmospheric deposition to the remote ocean plays a central part during the global biogeochemical 
cycle of many trace elements and has profound implications to the functioning of the Earth System.  
In particular, the input of copper (Cu) and zinc (Zn) leads to fertilization of low productivity areas 
such as the Southern Atlantic Ocean and the input of lead (Pb) is a measure of global air pollution. 
Identifying the source of these elements is key to develop quantitative models of their cycle. The 
last decades demonstrated successfully the potential of stable isotopes for source tracing these 
elements.  However, the isotope variability of dust – the major natural source of atmospheric 
trace element deposition in the ocean – has not been studied to date. 
The aim of this study was thus to characterize the Cu, Zn, and Pb isotopes of major dust areas 
of the Northern Hemisphere, namely Tengger Desert (China), Badain Juran Desert (China), 
Taklimakan Desert (China), Thar Desert (India), and Sahara Desert and (i) to identify if 
geographical variations exists; (ii) to identify the underlying mechanism (mineralogy, petrology) 
of the observed variability; and (iii) to discuss possible implications for using Cu, Zn and Pb 
isotopes as tracers in global biogeochemical studies.  
Multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS) was used for 
isotope analysis. The isotope ratios 65Cu/63Cu, 66Zn/64Zn, 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb 
were used to characterize the isotope systematics.  
First, we observe significant isotopic variations between major global dust sources (Chinese 
Deserts and Loess, Thar Desert and Saharan Desert). The δ65Cu ranged between 0.48±0.06 ‰ 
(2SD, n=2) in the Thar Desert and 0.03±0.15‰ (2SD, n=3) in the Saharan Desert. The Zn isotope 
ratios ranged between 0.28‰ in the Tengger Desert and 0.01‰ in the Badain Juran Desert. Lead 
isotope ratios showed significant variation among Thar Desert, the Sahara Desert, and Taklimakan 
Desert but were similar between the Tengger Desert and Badain Juran. This opens up the potential 
of using these isotope systems to trace dust and elemental sources in the atmosphere. Second, we 
show that the isotope ratio is related with the mineralogical composition of the dust. Finally, we 
demonstrate that the isotopic ratios measured in the dust sources are significant different from 
surface waters in the Northern Pacific Ocean, suggesting that i.) either significant isotopic 
fractionation occurs during the dissolution of the dust or ii.) other sources than dust are 
determining the isotope ratios in surface waters. 
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Abstract 
Significant variability in copper and zinc isotope composition has been reported for various 
materials such as rocks, plants, anthropogenic products and dust [1-4]. This suggests that Cu and Zn 
isotope composition can be used as tracers of atmospheric particulate matter in environmental and 
climatic studies.  
To this end we tailored an analytical procedure to measure precise and accurate Cu and Zn 
isotopes for the specific demands of dust samples. Elemental separation with ion-exchange 
column yielded low blank (2-3 ng) and quantitative Cu and Zn recovery (94% -105%) for dust, 
granite and gabbro samples. Cu and Zn isotopic composition were analyzed by multiple-collector 
inductively coupled plasma mass spectrometry (MC-ICP-MS) using standard sample bracketing 
and double spike. Industrial Cu and Zn single element solutions were employed for quality control 
and assurance. 
 
 
 
